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Nitrogen (N) contamination of surface water and 
groundwater, sedimentation of lakes and streams, and 
decreasing returns from agricultural production have prompted 
individuals to investigate alternative approaches to 
agriculture. Many of these alternative approaches are simply 
modifications of existing methodologies whereas others are 
rooted in emulation of natural ecological systems. Natural or 
native systems (e.g., Iowa prairies) greatly define the 
carrying capacity of the land and thus the limits of potential 
agricultural sustainability. Emulation of the ecology of 
native prairie systems may appear somewhat distant from 
applied agricultural practice, but it gives a basis on which 
to form or judge current and future agricultural production 
systems. The importance of linking ecology and agriculture in 
an attempt to improve the sustainability of agricultural 
production has been reviewed by Paul and Robertson (1989). It 
is clear that the natural ecological system must stand as a 
model for development of sustainable agricultural systems. To 
date this type of ecological information with regard to soils 
is limited. 
An important goal of agricultural improvisation to 
achieve sustainability is increased efficiency of N use and 
recycling, so that N losses to the environment may be reduced. 
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A review of the literature shows that soils of native or 
established prairies, grasslands, and forests have very 
efficient N use patterns with minimal loss of N to the 
environment. This efficient recycling of N is related to the 
quality of C substrate available to microorganisms; however, 
there is currently little known regarding this subject. An 
understanding of the prairie N cycle provides valuable insight 
into how agroecosystems might be altered to improve the 
efficiency of N cycling. The objectives of the work reported 
in this dissertation were to assess the effect of cultivation 
on soluble organics in soil and determine whether the 
constituents play any role in N cycling in prairie or 
cultivated soils. 
Literature Review 
Nitrate has been detected in groundwater and surface 
water throughout the U.S. including Iowa (Hallberg, 1989). A 
significant number of these detections was in excess of the 
lifetime drinking water health advisory level of 10 mg NO3-N 
1~^ set by the USEPA. Thus, a potential health risk exists 
along with long term environmental degradation associated with 
NO3 in water (Follet and Walker, 1989). There are a number of 
possible sources of NO3 to groundwater; however, conventional 
agricultural practices have been implicated as the primary 
sources in the Midwest (Keeney, 1989; Hallberg, 1989). Once 
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groundwater is contaminated, remediation can be extremely 
difficult and costly; thus, prevention of contamination is 
essential. 
Row crops, such as corn, are particularly likely to cause 
leaching of NO3. Conventional corn production frequently 
leaves the soil bare for much of the year and generally 
requires external N applications, while the associated tillage 
promotes mineralization of organic soil N (Keeney, 1989) . 
Conventionally managed farm land also accumulates much 
inorganic N in the soil profile (Rendig, 1951; Doran, 1980). 
Comparisons of cultivated and uncultivated soils have 
shown that cultivation results in rapid mineralization of soil 
organic matter (Flory, 1936; Rendig, 1950; Ayanbaena et al., 
1976; Voroney et al. 1981; Skjemsted et al., 1988). Research 
has also shown that land management resulting in the least 
disturbance of soil and greatest residue return results in the 
highest microbial activity a:nd the greatest accumulation of 
soil organic matter (Doran, 1980; Doran, 1987; Doran et al., 
1988; Frasier et al., 1988). Wood et al. (1991) suggested 
that soils with crops actively growing for the greatest 
portion of the year will have the lowest N losses to the 
environment. 
Woods and Schumann (1988) suggest that the "activity" of 
soil organic matter, as measured by potentially mineralizable 
N and microbial biomass declines only during the first year 
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following cultivation of virgin sod. If this is true then the 
effect of loss of plant metabolic C and the related detrital 
food web from native ecosystems should be easily regained 
through reintroduction of native vegetation or implementation 
of cropping systems more closely related to the natural 
environment. 
The internal N cycle of soils is defined as the 
mineralization, nitrification, immobilization, volatilization, 
and dissolution of N within the soil, excluding losses of N to 
the external environment via plant uptake and harvest, 
leaching, and denitrification. The internal nitrogen cycle of 
cultivated fields often terminates with the formation of NO3, 
which is ultimately lost to leaching or denitrification 
(Woldendorp and Laanbroek, 1989). In contrast, native 
prairies, grasslands, and forests experience very little 
accumulation of inorganic N in the profile or loss of NO3 to 
leaching (Woodmansee et al., 1981; 1984; Vitousek et al., 
1982). Woodmansee et al. (1981) termed this a "tight" 
internal N cycle. The lack of NO3 accumulation in these 
natural ecosystems also results in less denitrification than 
occurs in cultivated lands (Gates and Keeney, 1987; Goodroad 
and Keeney, 1984). Unlike health concerns associated with 
leaching losses of NO3, denitrification of applied and native 
N is primarily an economic loss to farmers. 
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Whereas it is clear that high rates of plant uptake of N 
result in little net accumulation of inorganic N (Clark, 1977; 
Woodmansee et al., 1981), recent work indicates that 
microorganisms are highly competitive for N in grassland 
ecosystems where an available C source is not limiting 
(Jackson et al., 1989; Schimel et al., 1989). Jackson et al. 
(1989) showed that in short term (1-day) studies 
microorganisms out-competed plants for both NH4 and NO3. 
Nitrification accounts for about one-third of the N 
mineralized in grassland soils, but plant and microbial 
immobilization maintain net accumulation of NO3 at a minimum 
(Schimel et al., 1989; Davidson et al., 1990). Schimel (1986) 
has attributed the differences in internal N cycling of 
cultivated and undisturbed soils to the quantity and quality 
of substrate available to microorganisms. 
Although it is well understood that cultivation 
accelerates decomposition of soil organic matter and results 
in lower levels of microbial biomass (Dormaar, 1979; Tiessen 
et al., 1982; Schimel, 1986; Bowman et al., 1990), there is no 
accepted measure of organic matter quality nor is there 
consensus on whether the quality of organic matter has changed 
with cultivation. Bosatta and Agren (1991) have described 
soil organic matter quality as "a measure of substrate 
accessibility expressed through the growth performance of the 
decomposer community." Organic matter quality therefore would 
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be a function of physical, chemical, and biological 
interactions and likely would be difficult to define. This 
concept also allows one to draw a parallel between organic 
matter quality and organic matter activity, the latter of 
which is used in reference to microbial activity. 
Studies into the kinetics of C and N mineralization have 
demonstrated the presence of two or more pools of organic 
matter (Voroney et al., 1981, Deans et al., 1986; Parton et 
al., 1987). Parton et al. (1967) used the multiple pool soil 
organic matter concept to model organic matter formation on 
prairie soils of the Great Plains. Their work indicates that 
plant residues are divided into two primary components, 
metabolic and structural. The metabolic component has a turn 
over rate of 0.5 years whereas the structural component is 
further broken down into less readily degraded components. 
This metabolic component may control N turnover in undisturbed 
systems, whereas applied NH4 may control N turnover in 
cultivated systems where biologically active organic matter 
may be limiting. This may result in an autotrophically driven 
N cycle (Schimel 1986) . Unfortunately, Parton et al. (1987) 
do not present a measure of the metabolic pool of C. 
The more stable fractions of soil organic matter 
(including humic substances, e.g., humic and fulvic acids) 
have an extremely long turnover time (Paul and Clark, 1989) . 
These stable fractions of organic matter play only a minor 
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role in nutrient cycling, however, they have a noted effect on 
cation exchange and water holding capacity. There is no set 
structure to humic or fulvic acids; rather, they are 
differentiated only by an acid/alkali extraction-
precipitation-fractionation (Tate, 1987). Although these 
fractions have proven useful in soil genesis and organic 
matter source studies (e.g., Zhang et al., 1988), there is 
little biological significance of this fractionation scheme 
(Kontchou and Blondeau, 1990) . 
Potentially mineralizable C and N have frequently been 
investigated as measures of the metabolic pool of organic 
matter (Campbell and Souster, 1982; Buyanovsky et al., 1987; 
Woods and Schumann, 1988; Woods, 1989) . Buyanovsky et al. 
(1987) found that in situ CO2 evolution was greater in 
cultivated soils than in tallgrass prairie for much of the 
year in spite of the greater organic matter in prairie soils. 
Anderson and Gray (1990) have found that CO2 evolution as a 
percentage of microbial biomass is greater in soils under 
conventional monoculture than in soils under a rotational 
cropping system. Importantly, the authors suggest that the 
higher respiration is due to metabolic limitations that lead 
to less efficient use of an energy source. Measures of CO2 
evolution are the most simple assays of C mineralization but 
they do not directly reflect the activity of organic matter. 
Carbon dioxide evolution studies do not take into account high 
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respiration rates due to inefficient use of substrate and they 
only measure aerobic oxidation of organic matter, thus they 
ignore microsite anaerobic activity and autotrophic activity. 
Microbial biomass as estimated by fumigation-incubation, 
fumigation-extraction, plate counts, substrate-induced 
respiration, or ATP analysis has frequently been used as a 
measure of organic matter activity (e.g., McGill et al., 1986; 
Schimel, 1986; Woods and Schumann, 1988; Bowman et al., 1990). 
These studies have all demonstrated higher levels of microbial 
biomass associated with native, as compared to cultivated, 
ecosystems. Microbial activity in soil also appears to be 
increased upon conversion of conventionally managed land to 
no-till conservation practices (Doran, 1980). Unfortunately, 
fumigation assays tend to overestimate microbial biomass by 
incorporating dormant microbes and fresh root tissue into the 
assay (Gregorich et al., 1990; Mueller et al., 1992). Plate 
counts greatly underestimate microbial numbers and diversity 
in soil (Paul and Clark, 1989). These techniques do not 
reflect microbial activity at any one time, nor do they 
indicate the amount of substrate available for microbial use. 
Enzyme activities have also been used as measures of soil 
organic matter activity or quality (e.g., Bolton et al., 
1985), but with limited success. Soil enzymes hold little 
direct relationship to microbial activity, because the enzyme 
may be: 1) extracellular or intracellular; 2) constitutive or 
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inducible; 3) bound to organo-mineral complexes where it may 
be active or unaccessible (Alexander, 1977). This lack of 
consistent association with active microorganisms limits the 
use of enzyme activities as assays of organic matter quality. 
Acid hydrolysis of soil to liberate amino acids and 
carbohydrates from soil has been investigated as a measure of 
organic matter quality (Dalai and Henry, 1989; Arshad et al., 
1990; Bowman et al., 1990); however, there is no consensus on 
the relation of these properties to microbial activity or 
organic matter quality. Bowman et al. (1990) studied total 
carbohydrates as a measure of labile C in grassland and 
cultivated soils. Their work suggested that cultivation 
significantly reduces total carbohydrates in soils, whereas 
Dalai and Henry (1988) found no effect of cultivation on total 
carbohydrates. Arshad et al. (1990) found that no-till soils 
have greater levels of hydrolyzable soil carbohydrates and 
amino acids than conventionally tilled soils. Cheshire (1977) 
indicated that the sugars liberated from soil upon hydrolysis 
originate polysaccharides otherwise not available for 
microbial use. Additionally, studies have shown that amino 
acids removed from soil by acid hydrolysis are not correlated 
with N mineralization potential (Keeney and Bremner, 1964; 
Stevenson, 1982) . It does appear, however, that total 
polysaccharides in soil correlate well with aggregate 
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stability and soil structure (Cheshire, 1979; Haynes and 
Swift, 1990). 
Acid hydrolysis of soils to remove amino acids and 
carbohydrates breaks down recalcitrant compounds and ruptures 
microbial cells, thus releasing metabolites otherwise not 
available for microbial use (Stevenson, 1982). Angers and 
N'Dayengamiye (1991) have used partial hydrolytic methods 
using 1.5 M H2SO4 to remove the less recalcitrant sugars. 
However, partial hydrolysis, using weak acids, removes an 
arbitrary amount of sugars from soil depending on the pH and 
buffering capacity of the soil. 
In contrast to hydrolytic methods, Stevenson (1982) 
describes soluble or "free" amino acids and carbohydrates as 
an ephemeral pool of substrate reflecting the delicate balance 
between degradation and synthesis of organic materials. Thus, 
this soluble pool of organic matter should reflect microbial 
activity at any one time. 
In the 1960s, there was considerable interest in soluble 
or "free" sugars in soil (Gupta, 1967; Vlassak et al., 1969; 
Ivarson and Sowden, 1970). This interest rapidly declined, 
because soluble sugars constitute a small pool of soil C 
(Stevenson, 1982). Recently, however, Aoyama (1991) found 
that the hot water-soluble fraction of various manure and 
waste composts was quite active and contained the largest 
component of C readily mineralized by microorganisms. Haynes 
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and Swift (1990) showed that returning cultivated land to 
grassland for 15 years increased water-soluble carbohydrates 
and microbial biomass, whereas levels of total C and 
hydrolyzable carbohydrates remained similar to those of 
cultivated soil. Kinsbursky et al. (1989) found a strong 
correlation between water-soluble carbohydrates and wet stable 
aggregates in sludge-amended soils. Sikora and McCoy (1990) 
investigated free sugars using the anthrone reagent as a 
potential measure of available C. The investigators favored 
the use of total soluble C, however, because the concentration 
of soluble C was of a magnitude similar to that of microbial 
biomass C. Collins et al. (1990) investigated the 
concentration of free sugars in soil following application of 
wheat (Triticum aestivum L.) straw to the surface of a Palouse 
silt loam. Their findings indicate that most nonstructural 
carbohydrates are degraded in the first 33 days of incubation 
with little change in free carbohydrates thereafter. Soluble 
sugars thus may be a good measure of metabolic C and thus a 
useful comparative index of microbial activity in soils under 
varied management. 
Total soluble organic C is well correlated with C 
mineralization and microbial biomass (McGill et al. 1986; Cook 
and Allan, 1992) and thus has been suggested as an index of C 
available for microbial use. McGill et al. (1986), studying 
one soil type, found that soluble organic C was decreased upon 
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cultivation and Cook and Allan (1992) showed that soluble 
organic C increases with increase in number of years that 
cropland is returned to native vegetation. 
Short-term, in-situ isotope dilution studies of N 
transformations in grassland soils have demonstrated that NO3 
immobilization occurs readily in these ecosystems (Schimel et 
al., 1989; Davidson et al., 1990). These investigators 
performed their studies by removing intact soil cores, 
treating them with or ^^03, and returning the cores to 
the soil. Such soil disturbance could greatly influence the 
ability of plants and microbes to compete for applied N. 
Laboratory investigations of paired prairie and cultivated 
soils have demonstrated that NH4 applied to cultivated soils 
will undergo net mineralization, NH4 applied to prairie soils 
will undergo net immobilization, and prairie soils have higher 
rates of NO3 assimilation (Schimel, 1986). Once soils are 
removed from their natural state, N transformations are 
greatly altered due to introduction of fresh organic matter 
and exposure of protected organic matter to air and microbial 
attack (Hassink, 1992). No studies have investigated short-
term transformations of N in truly undisturbed paired prairie 
and cultivated soils, nor have studies investigated soluble 
organics as possible controlling factors in the recycling of 
applied NO3. 
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The information presented above demonstrates the 
differences in the efficiency of the N cycle of undisturbed 
and cultivated systems. Although considerable related 
information has been developed, we currently know little about 
the forms of organic matter that influence the N cycle in 
prairie and cultivated soils and whether microorganisms in 
either system have sufficient substrate present to allow the 
short term immobilization of NO3. Once we have gained a 
better appreciation for how these systems function we could 
then apply that understanding to our agricultural systems to 
reduce N losses to leaching and denitrification. 
The purpose of this dissertation was to study prairie 
soils in paired comparison with cultivated soils to determine 
whether soluble sugars and amino N have been affected by 
cultivation, if differences between the two systems are 
consistent throughout the year, how freeze-thaw events in the 
prairie and cultivated soils influence N mineralization, if 
soluble sugars remain measurable upon an increase in microbial 
activity, and whether in-situ and in-vitro NO3 immobilization 
will occur more efficiently in prairie soils or in cultivated 
soils and whether this is related to soluble organics. 
Explanation of the Dissertation Organization 
This dissertation has been organized to contain six 
papers that have been prepared for publication in scientific 
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journals. The six chapters are followed by: (1) A General 
Summary; (2) References that were cited in the General 
Introduction; and (3) Appendices. The first paper in this 
thesis is entitled "Soluble organics and extractable nitrogen 
in paired prairie and cultivated soils of central Iowa." It 
reports that soluble organics are frequently greater in 
prairie soils and that the ratio of soluble sugars to NO3-N 
may indicate that there are insufficient soluble sugars 
present in cultivated soils to allow for immobilization of 
ambient NO3. This paper has been published in Soil Science. 
The second paper is entitled; "Dynamics of soluble carbon 
and nitrogen pools of prairie and cultivated soils." This 
paper confirms the first paper's findings and demonstrates the 
dynamics of soluble sugars in soil and amino-N in prairie 
soils throughout a one year period. This paper has been 
submitted for publication in Soil Science Society of America 
Journal. 
The third paper is entitled; "Effect of freeze-thaw 
events on mineralization of soil nitrogen." This paper 
demonstrates that freeze-thaw events increase N mineralization 
and that the increase is greatest in prairie soils with high 
levels of microbial biomass. This paper has been published in 
Biology and Fertility of Soils. 
The fourth paper is entitled: "Soluble anthrone reactive 
carbon in soils as influenced by plant residues." This paper 
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demonstrates that soluble sugars in soil are increased by 
addition of plant residues to soil and that growth limiting 
factors (e.g., insufficient N) cause the soluble sugars to 
decline to the level of the zero residue control. This paper 
has been accepted for publication in Soil Science Society of 
America Journal. 
The fifth paper is entitled; "In situ cycling of labelled 
nitrate in prairie and cultivated soils." This paper 
demonstrates that applied nitrate is rapidly consumed by 
plants and microbes in prairie soil while much of the labelled 
N is not transformed in cultivated soils. The potential role 
of soluble sugars is discussed. This paper will be submitted 
to Biology and Fertility of Soils. 
The sixth paper is entitled: "Glucose-induced nitrate 
assimilation in prairie and cultivated soils." This paper 
demonstrates that NO3 is more rapidly assimilated in 
cultivated soils amended with glucose than in prairie soils. 
Soluble and readily hydrolyzed amino acids likely inhibit 
nitrate assimilation in prairie soils when an external energy 
source is added. This paper has been submitted to 
Biogeochemistry for publication. 
Appendix C contains the seventh paper that is entitled: 
"Ethanol-stabilized chloroform as a fumigant for estimating 
microbial biomass by reaction with ninhydrin." Appendix C has 
been included in this dissertation, because the method 
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described therein was used in chapters 4 and 5. This paper 
demonstrates that ethanol-stabilized chloroform may be used in 
place of ethanol-free chloroform for estimating microbial 
biomass by reaction with ninhydrin, thus eliminating a time 
consuming and potentially hazardous step associated with 
microbial biomass assays. This paper has been accepted for 
publication in Soil Biology and Biochemistry. 
All of the experiments reported in this dissertation were 
performed by the author. 
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PAPER 1 
SOLUBLE 0R6ANICS AND EXTRACTABLE NITROGEN IN 
PAIRED PRAIRIE AND CULTIVATED SOILS OF CENTRAL 
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ABSTRACT 
The internal nitrogen (N) cycle in soils of native and 
established prairies is highly conservative of N, whereas that 
of cultivated soils has a greater potential for loss of N to 
denitrification and leaching. In addition to rapid plant 
uptake of inorganic N, the efficiency of the N cycle in 
prairie soils has been partly attributed to the quality and 
quantity of available carbon (C) substrate to allow for 
microbial immobilization of N. In this study we investigate 
soluble or "free" anthrone-reactive carbon (ARC), as a measure 
of hexose sugars, soluble organic C, and soluble amino-N 
status of prairie and cultivated soils as possible measures of 
instantaneously available C and N. 
Soils were collected from 11 adjacent prairie and 
cultivated sites in July 1991. Field moist soil samples were 
analyzed for biomass C, KCl extractable NH4^, NO3", and amino-
N, and K2S04-soluble organic C and ARC. Soil samples were 
also air-dried and analyzed for total C and N. 
Prairie soils were generally higher in total C, total N, 
biomass C, soluble amino-N, and soluble ARC than their 
cultivated counterparts. Total soluble organic C was not 
consistent among sites, but ratios of soluble C to inorganic N 
gave a better indication of the status of the internal N cycle 
than did the total C;N ratios. 
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The prairie soils were lower in NO3 and total inorganic N 
than cultivated soils and had higher NHazNOg ratios. This may 
reflect the tight internal N cycle in prairie soils. Net 
production of NO3 in systems where an available C source is 
limiting results in the accumulation of NO3. Conditions of 
high NO3 and low levels of soluble ARC may be representative 
of a perturbed internal N cycle. 
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INTRODUCTION 
Nitrate (NO3) contamination of surface and groundwater is 
a symptom of anthropogenic practices in the United States. 
While there are numerous natural and human-derived sources of 
NO3, conventional agricultural practices have been implicated 
as the primary source of NO3 in groundwater and surface water 
in the Midwest (Keeney, 1989). 
Conventionally managed farm land accumulates inorganic N 
in the soil profile. Most of this inorganic N is transformed 
to NO3 (Rendig, 1951; Schimel, 1986; Keeney, 1989). The 
internal nitrogen cycle of cultivated fields achieves a "dead­
end" with the formation of NO3, which may ultimately be lost 
to leaching or denitrification (Woldendorp and Laanbroek, 
1989). 
In contrast to cultivated soils, native and established 
prairie soils accumulate very little inorganic N in the soil 
profile and thus experience minimal leaching of NO3 to 
groundwater or loss of N to denitrification (Woodmansee et 
al., 1981; Woodmansee, 1984; Goodroad and Keeney, 1984). 
Whereas it is clear that high rates of plant uptake of N 
result in little net accumulation of inorganic N (Clark, 1977; 
Woodmansee et al., 1981), recent work indicates that 
microorganisms are highly competitive for N in grassland 
ecosystems where an available C source is not limiting 
(Jackson et al., 1989; Schimel et al., 1989). Jackson et al. 
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(1989) showed that in short-term (24 hour) studies 
microorganisms out-competed plants for both NH4 and NO3. 
Nitrification accounts for about one third of the N 
mineralized in grassland soils, but plant and microbial 
immobilization maintain net accumulation of NO3 at a minimum 
(Schimel, 1986; Jackson et al., 1989; Schimel et al., 1989; 
Davidson et al., 1990). Schimel (1986) has attributed the 
differences in internal N cycling of cultivated and 
undisturbed soils to the quantity and quality of available 
substrate. 
Although it is well understood that cultivation 
accelerates decomposition of soil organic matter and results 
in lower levels of microbial biomass (Dormaar, 1979; Tiessen 
et al., 1982; Schimel, 1986; Bowman et al., 1990), there is no 
accepted measure of organic matter quality nor is therè 
concensus on whether the quality of organic matter has changed 
with cultivation. 
Hydrolytic removal of amino acids and carbohydrates from 
soil has been investigated as a measure of organic matter 
quality (Arshad et al., 1990); however, Cheshire (1977) 
indicates that sugars liberated from soil polysaccharides upon 
hydrolysis are in forms not available for microbial use. 
Amino acids removed by acid hydrolysis also do not relate 
closely to N mineralization (Keeney and Bremner, 1964; 
Stevenson, 1982). 
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Soil amino acids and carbohydrates are generally-
extracted by acid hydrolysis (Stevenson, 1982). This process 
breaks down recalcitrant molecules and ruptures microbial 
cells, thus releasing compounds otherwise not available for 
microbial use. In contrast, Stevenson (1982) describes 
soluble or "free" amino acids and carbohydrates as an 
ephemeral pool of substrate reflecting the delicate balance 
between degradation and synthesis of organic materials. Thus, 
this soluble pool of organic matter should reflect microbial 
activity at any one time. There is little information 
available regarding total soluble carbohydrates and amino-N in 
prairie and cultivated soils; thus, it is not clear whether 
cultivation has affected these properties. 
The objectives of the work reported were to determine 
total soluble amino-N and anthrone-reactive carbon (ARC), as 
measures of soluble amino acids and carbohydrates, in paired 
prairie and row crop-cultivated soils to assess whether these 
soil properties (1) have been affected by cultivation, (2) are 
related to microbial biomass and extractable N, and (3) can be 
evaluated as measures of available substrate in soil compared 
with total C and N. 
23 
MATERIALS AND METHODS 
Soil samples were collected from 11 sites in Central Iowa 
(Story County) on different days throughout the month of July 
1991. Sites were selected where virgin or established (> 80 
years old) prairie remnants lay immediately adjacent to and 
within the same soil map unit as cultivated cropland. The 
location (map and coordinates) of the 11 sites is given in 
Appendix A. 
A description of soil and dominant vegetation at each 
site is given in Table 1. The Harps 1 and 2 sites are pothole 
fringe, hydric prairies and are thought to be virgin sites. 
The Kossuth site is a poorly drained virgin upland prairie. 
The Webster site is on a toe slope with virgin sod that had 
been hay cropped until 1989. Six sites (Canisteo 1 and 2 ,  
Clarion 1 and 2, and Nicollet 1 and 2) are adjacent to a 
railroad bed that had not been disturbed for more than 100 
years. These sites are composed of two separate toposequences 
containing the same three soil map units. All sites within 
this area would be considered dry upland prairie. The Clarion 
3 site is adjacent to a different rail bed which had not been 
disturbed in over 80 years. This site seems to have been 
heavily graded at one time with much of the surface soil 
horizon removed in the prairie site. 
Soil samples were collected to a depth of 30 cm by using 
a hand-held 2.5-cm-diameter soil probe in an attempt to 
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collect a composite sample from within the rooting zone of 
both cultivated and prairie soils. Three randomly placed 
replicate composite soil samples were taken at each prairie 
and crop site. Replicates were taken at least 10 m apart and 
were composed of seven clustered subsamples. After each 
composite sample was thoroughly mixed, it was divided in two 
equal parts, and each subsample was placed in a separate 
plastic bag. Visible plant residues were removed from all 
samples after which the soils were immediately processed for 
analysis. 
Soil from one bag was subsampled to determine gravimetric 
water content and then extracted for inorganic N, soluble C, 
ARC, biomass C, and ninhydrin-reactive N. Soil from the 
second bag was air dried, ground, sieved (at 2 mm), and 
analyzed for total C, total N, pH, and particle size 
distribution. General soil properties are given in Table 2. 
Ammonium and NO3 were extracted in a 1:5 ratio of soil to 
2 M KCl (Keeney and Nelson, 1982) and analyzed 
colorimetrically by using a Lachat flow injection auto-
analyzer (Lachat Instruments Quickchem Method No. 12-107-06-2-
A and 12-107-0401B). Microbial biomass C was determined by 
fumigation extraction (Wu et al., 1990). 
Soluble C and ARC were extracted by placing field-moist 
soil, 25 g oven dried soil equivalent, in a 250 ml french 
square bottle, adding 50 ml of 0.5 M K2SO4, shaking for 30 
25 
minutes, and filtering the suspension through 1.2 jum glass 
fiber filters. Centrifuging the samples for 10 minutes at 
15,000 rpm did not alter recovery of ARC. Soluble 
nonpurgeable organic C was analyzed by ultraviolet-persulfate 
oxidation on a Dohrman 180-C analyzer. Soluble ARC was 
determined by reacting the 5 ml of the soil extracts with 10 
ml of anthrone reagent and analyzing them colorimetrically 
against glucose standards as described by Brink et al. (1960). 
Ninhydrin-reactive N was measured by placing field moist 
soil, 25 g oven-dried soil equivalent, in a 250 ml french 
square bottle, adding 50 ml of 2 M KCl, shaking for 3 0 
minutes, and filtering through 1.2 urn glass fiber filters. 
The extracts were analyzed colorimetrically as described by 
Amato and Ladd (1988). Amino-N was calculated as [(^g 
ninhydrin reactive N g~^) - (jug NH4-N g~^) ] . 
Total C was determined by using the Walkley Black method 
run with standard soil samples as controls for determining an 
appropriate correction factor (Nelson and Sommers, 1982). 
Total Kjeldahl N was determined as described by Bremner and 
Breitenbeck (1983). Soil pH was determined in 0.01 M CaCl2 in 
a 2:1 CaCl2 to soil dilution. Particle size distribution was 
determined by hydrometer (Gee and Bauder, 1986). 
All sites were treated as paired comparisons with three 
randomly placed composite samples serving as replicates. A 
paired t-test was used to determine mean separation within 
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paired sites (Zar, 1984). Mean separation for the average of 
all paired sites was again determined with a paired t-test 
using the means of individual sites as replications (Zar, 
1984). Regression analyses were performed on the means of 
each individual site (22 observations) unless otherwise noted. 
Statistical analyses were performed with PC-SAS (SAS 
Institute, Gary, NC). 
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RESULTS AND DISCUSSION 
Levels of NO3 and total inorganic N were consistently 
greater in the crop soils than in the prairie soils (Table 3), 
which is consistent with previous observations (Rendig, 1951; 
Woodmansee et al., 1981; Schimel, 1986). The ratio of NH4 to 
NO3 was consistently higher in the prairie soil than in the 
cultivated soil (Table 3). This was observed regardless of 
the amount of N fertilizer applied to the cultivated soil. 
The average NH^iNOg ratio for the prairie soils was 3.2 
compared with 0.32 in the cultivated soils. 
Prairie soils had significantly more biomass C than 
corresponding cultivated soils (Table 4). On average, 
cultivation of the prairie soils examined has led to a 65% 
reduction in microbial biomass. Microbial biomass accounts 
for approximately 1.6% of the total C in prairie soils and 
only 0.8% of total C in cultivated systems. 
With the exception of the Clarion 3 site, prairie soils 
had more total C and N than the corresponding cultivated soils 
(Tables 3 and 4), which is consistent with earlier studies 
(e.g., Rendig, 1951; Dormaar, 1979; Tiessen et al., 1982). 
The organic C content of prairie soils ranged from 20 to 50% 
greater than organic C in cultivated soils, and related 
positively with soil biomass C (r^ = 0.44, P < 0.01). 
Although the Clarion 3 prairie soil did not have significantly 
different levels of total organic C and Kjeldahl N than its 
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cultivated counterpart, biomass C and NHazNO] ratios were 
significantly higher in the prairie soil. The Clarion 3 site 
had been allowed to grow in native vegetation for 80 years 
following extensive grading of the soil. These data suggest 
that the microbial biomass and tight internal N cycle under 
prairie vegetation recovers more quickly than total organic C 
levels following a significant disturbance. 
Soluble ARC was generally greater in prairie soils than 
in corresponding cultivated soils (Table 4). Cultivated soils 
had, on average, 40% less soluble ARC than the prairie soils. 
Soluble ARC is subject to interference from NO3 and some 
metals (Doutre et al., 1978). This may have been a factor on 
the cultivated Webster site which was not significantly 
different in level of soluble ARC compared to the prairie soil 
and had a large pool of NO3. Regardless of interferences, 
soluble ARC correlated positively with biomass C across all 
sites (r^ = 0.46, P < 0.001). 
If soluble ARC is related to microbial activity, then 
variation in soluble ARC not accounted for by biomass C may be 
related to the fact that biomass carbon methods largely 
measure dormant microorganisms (Gregorich et al., 1990). 
Within a single soil map unit, however, soluble ARC levels 
seem to increase in concert with microbial biomass, whereas 
inorganic N is less as soluble ARC increases. 
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Soluble amino-N was significantly greater on prairie than 
on cultivated soils (Table 4). Cultivated soils were, on 
average, 32% lower in soluble amino-N than prairie soils. 
Monreal and McGill (1985) similarly found virgin soils to have 
more total free amino acids than corresponding cultivated 
soils. 
Monreal and McGill (1989) developed a model to describe 
cystine cycling in soil. Their work demonstrated that a pool 
of soluble amino acids is maintained in accord with microbial 
activity. Barak et al. (1990) support this hypothesis and 
indicate that the low level of amino-N maintained in the soil 
solution over time is an intermediate pool of N between 
insoluble proteins and microbial biomass. Because bacteria 
will take up amino acids directly as an N source or metabolic 
precursor (Niedhardt et al., 1990), we could assume that the 
soluble amino-N in the prairie soils represents about 20% of 
the total N available for microbial uptake (NH4, NO3, and 
amino-N less 20% of total as amino sugars). Plants also are 
capable of taking up small quantities of amino acids (Schobert 
et al., 1988). Plant uptake of amino acids may be more 
important in prairie or grassland soils where inorganic N is 
potentially limiting. 
The 0.5 M K2SO4 soluble C content (Table 4) was 
inconsistent between sites and correlated poorly with biomass 
C across all soils (r^ = 0.13, P < 0.01). These data 
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contradict previous work that demonstrate a close correlation 
between biomass and water-soluble C (McGill et al., 1986; Zak 
et al., 1990). A direct comparison of K2SO4 soluble C and 
water soluble C may not be valid as there is some evidence to 
indicate increasing ionic strength of extractant increases the 
amount of C extracted (Evans et al., 1988). However, the soil 
samples used in the Zak et al. (1990) study were air-dried 
before estimation of soluble C. Air-drying of soils is known 
to disrupt microbial tissues, thus resulting in a release of 
metabolic C that correlates well with biomass C (Marumoto et 
al., 1982). Soluble C did correlate well to biomass C (r^ = 
0.74, P < 0.001, 11 observations) in prairie soils alone, 
which would indicate that 0.5 M K2SO4 soluble C may be a good 
index of available C in similarly treated soils. 
Total C:N ratios generally were not significantly 
different between the cultivated and prairie soils. Averaged 
across all sites, the C:N ratios were the same in prairie and 
cultivated soils, which suggests that N and C are in a similar 
balance in both systems. However, it is clear from the 
literature that the two systems are fundamentally different in 
how they cycle N (Woodman&ee et al., 1981; Schimel, 1986). 
Thus total soil C:N ratios do not reflect the status of the 
internal N cycle. 
Soluble C to inorganic N ratios better reflect the 
condition of the N cycle in cultivated soils than total C:N 
31 
(Table 5). Total soluble C to inorganic N ratios in the 
cultivated soil indicate that there is a surplus of inorganic 
N well above the level of total soluble C. Soluble C:N ratios 
relate well to biomass C (r^ = 0.51, P < 0.001) and to soluble 
ARC (r^ = 0.60, P < 0.001). 
The ratio of soluble ARC to inorganic N suggests that 
prairie soils may have sufficient substrate to immobilize the 
inorganic N present in the soil. Approximate energy values 
can be developed for cultivated and prairie soils on the basis 
of approximate caloric content of soluble ARC (assuming that 
all sugars measured by anthrone have an energy content 
equivalent to that of glucose) and caloric requirement for 
assimilation of available NO3. If one assumes that all ARC 
residues contain 2870 kJ mol~^ (686 kcal mole"! glucose), 
prairie soils, on average, contained approximately 267 J kg"! 
soil as soluble carbohydrate and cultivated soils contained 
159 J kg"! soil. The energy required to assimilate and reduce 
NO3 has been estimated at 379 kJ mol"! (Gutschick, 1981). The 
average level of soil NO3 thus reflects an energy requirement 
for NO3 assimilation of 22 J kg"! soil in the prairie soils as 
compared with 229 J kg"! soil in the cultivated soils. The 
energy requirement for NO3 assimilation in the prairie soil 
accounts for about 8% of the total energy as soluble ARC, 
whereas NO3 assimilation in the cultivated soil would account 
for 144% of the energy present as soluble ARC. Our findings 
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support the hypothesis of Schimel (1986), which suggests that 
the lack of available substrate in cultivated soils results in 
net mineralization and accumulation of NO3. 
The dense root mass in the prairie soil results in rapid 
plant uptake of available inorganic N and is the primary 
source of the high metabolic C levels in the prairie soil 
versus the cultivated soil. Lynch and Whipps (1991) suggest 
that "rhizodeposition" products within the rhizosphere of 
plants account for up to 40% of dry matter produced by plants. 
Thus, rhizodeposition from active plants would account for the 
high level of metabolic C in prairie soils during the growing 
season while the large mass of decaying roots would supply 
substrate in late fall through early spring. This high level 
of active metabolic C likely controls N turnover in prairie 
soils, whereas autotrophic activity and available likely 
dominate N turnover in cultivated soils during periods of the 
year when biologically active C is limiting. 
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CONCLUSIONS 
Natural ecosystems greatly define the carrying capacity 
of the land and, thus, the limits of potential sustainability 
within their geographic setting. Ultimately, management 
systems must be developed to emulate the ecology of native 
systems if an agrading or sustaining condition is to be 
achieved. 
The internal N cycle of the established or native prairie 
soil in central Iowa is highly conservative of N and, thus, an 
ideal site to study the effect of cultivation on optimal soil 
properties with respect to the N cycle. The levels of soluble 
or free carbohydrates and amino acids reflect a balance 
between degradation and assimilation of organic materials in 
soil. Thus, these properties should, in turn, reflect the 
state of the internal N cycle. 
Cultivation of prairie soils in central Iowa has resulted 
in a marked decline in total N and C. Total C and N levels 
and ratios do not, however, fully reflect the status of the 
internal N cycle of the two systems studied. The cultivated 
soils support less microbial biomass, accumulate NO3, and 
generally maintain a smaller pool of soluble ARC and amino-N. 
Soluble ARC and soluble C:N ratios more closely represent the 
condition of the N cycle in cultivated soils as compared with 
prairie soils. 
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Values for soluble amino-N and ARC (or an equivalent 
measure of soluble sugars) and soluble C:N ratios may be 
useful indices of organic matter quality when used to compare 
the N cycle of systems within the same soil map unit. 
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Table 1 (Continued). 
Soil series/ Soil Dominant prairie vegetation 
site name great group and adjacent crop 
Nicollet 2 Aquic Hapludolls big bluestem 
Scribners panicum 
corn 




Table 2. General soil properties 
Site Cover Sand Silt Clay pH 















































































































Table 3. Ammonium, NO3, NH^zNOg ratio, inorganic N, mineral 
N flush, and total N on paired cultivated and 
established prairie soils. 
Site/ NH4-N: Inorg Total 
cover NH4-N NO3-N NO3—N N N 
— (Mg g (Mg g"^) (g kg"^) 
Harps 1 Crop 6.6 5.5 1.2 12.1 3.1 
Prairie 5.6 1.3 4.0 6.9 4.8 
NS *a * ** ** 
Harps 2 Crop 6.0 5.9 1.0 11.8 2.4 
Prairie 2.8 1.8 1.7 4.7 4.3 
* * * * ** 
Kossuth Crop 6.6 6.1 1.1 12.7 2.9 
Prairie 4.4 0.3 14.7 4.7 3.5 
NS ** * ** ** 
Webster Crop 5.6 28.1 0.2 33.6 2.4 
Prairie 4.9 0.5 9.1 5.4 3.6 
NS * * ** ** 
Canist 1 Crop 2.8 7.2 0.4 10.1 2.9 
Prairie 3.4 0.8 7.1 4.2 4.1 
NS ** ** * ** 
Clarion 1 Crop 3.8 10.6 0.4 14.4 2.8 
Prairie 4.2 0.6 7.0 4.8 4.0 
* ** ** * ** 
Nicol 1 Crop 4.3 9.4 0.4 13.7 2.8 
Prairie 4.3 0.9 4.8 5.2 4.0 
NS * ** ** ** 
Canist 2 Crop 2.1 11.1 0.2 13.2 2.9 
Prairie 2.0 1.3 1.5 3.3 4.2 
NS ** * * ** 
Clarion 2 Crop 2.1 6.2 0.3 8.3 2.7 
Prairie 3.8 0.8 4.8 4.6 3.4 
* ** •it* * * 
Nicol 2 Crop 1.5 10.1 0.2 11.6 2.5 
Prairie 1.9 1.0 1.9 2.9 3.4 
NS ** ** ** ** 
Clarion 3 Crop 1.4 4.3 0.3 5.7 3.0 
Prairie 1.8 0.6 2.7 2.4 2.4 
NS ** * ** NS 
MEANS Crop 3.9 9.5 0.3 13.4 2.8 
Prairie 3.6 0.9 3.2 4.5 3.8 
NS ** ** ** ** 
a) Values follwed by a * or ** indicate a significant 
separation between the two values at P < 0.05 and 0.01 
respectively based on a paired t-test. 
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Table 4. Total organic C, biomass C, soluble organic C, 
soluble ARC, and soluble amino-N in paired 
cultivated and established prairie soils. 
Carbon 
Soluble 
Site/ Total Total Soluble Amino 
cover organic soluble ARC Biomass N 
(g kg-1) V A"3 y J 
Harps 1 Crop 34.6 19.3 5.5 292 — — —  
Prairie 45.5 36.3 8.4 595 — — —  
** * * 
Harps 2 Crop 29.6 15.0 2.8 219 0.40 
Prairie 53.3 18.6 2.7 536 0.54 
** NS NS ** NS 
Kossuth Crop 32.6 17.3 4.5 305 1.02 
Prairie 39.0 14.9 5.1 658 1.86 
* NS NS ** * 
Webster Crop 19.5 16.4 5.2 200 1.65 
Prairie 36.6 13.7 4.7 580 1.77 
* * NS ** NS 
Canist 1 Crop 27.5 23.3 2.8 200 1.11 
Prairie 36.6 19.8 4.7 512 1.42 
* NS * ** NS 
Clarion 1 Crop 29.5 33.5 2.8 173 1.12 
Prairie 40.5 36.7 4.7 735 1.88 
** NS * ** ** 
Nicol 1 Crop 30.4 40.5 3.0 307 1.06 
Prairie 40.3 35.7 4.0 700 1.55 
** NS ** ** NS 
Canist 2 Crop 28.7 53.3 4.4 285 1.16 
Prairie 40.5 66.9 11.0 1113 1.65 
** NS ** ** ** 
Clarion 2 Crop 27.8 29.6 3.7 169 1.02 
Prairie 36.2 27.9 8.0 550 1.50 
* NS ** ** * 
Nicol 2 Crop 24.4 27.9 3.8 162 0.71 
Prairie 34.6 37.4 9.1 620 1.05 
** * ** ** * 
Clarion 3 Crop 36.2 44.1 4.4 190 0.25 
Prairie 32.3 32.5 7.6 580 0.75 
NS * * * ** * 
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Table 4 (Continued). 
Carbon 
Soluble 
Site/ Total Total Soluble Amino 
cover organic soluble ARC Biomass N 
(g kg~^) (fig g"l) 
MEANS Crop 29.0 29.1 4.0 227 0.95 
Prairie 40.0 31.1 6.7 652 1.40 
** NS * ** * 
a) Values follwed by a * or ** indicate a significant 
separation between the two values at P < 0.05 and 0.01 
respectively based on a paired t-test. 
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Table 5. Ratio of total soluble organic C to inorganic N 
(Ni) , soluble ARC to Nj^, and total organic C to 
total N in prairie and cultivated soils. 
Site/ Soluble Soluble Total 
cover C;Nj. ARCrN^ C:N 
Harps 1 Crop 1.59 0.45 11.2 
Prairie 5.36 1.27 9.4 
**a * * 
Harps 2 Crop 1.30 0.24 12.1 
Prairie 3.96 0.58 12.3 
** ** NS 
Kossuth Crop 1.36 0.35 11.2 
Prairie 3.18 1.08 11.1 
** NS NS 
Webster Crop 0.61 0.17 8.2 
Prairie 2.54 0.87 10.1 
** ** * 
Canist 1 Crop 2.36 0.34 9.5 
Prairie 4.68 1.25 9.0 
** ** NS 
Clarion 1 Crop 2.40 0.19 10.6 
Prairie 7.60 0.97 10.0 
** ** NS 
Nicol 1 Crop 2.98 0.23 10.8 
Prairie 6.90 1.32 10.2 
** ** NS 
Canist 2 Crop 4.62 0.36 9.9 
Prairie 20.45 3.37 9.5 
** ** NS 
Clarion 2 Crop 3.70 0.45 10.2 
Prairie 6.54 1.79 10.9 
* ** NS 
Nicol 2 Crop 2.44 0.33 9.9 
Prairie 13.08 3.21 10.0 
** * NS 
Clarion 3 Crop 7.96 0.79 12.0 
Prairie 14.71 3.46 13.3 
NS * NS 
MEANS Crop 2.80 0.36 10.5 
Prairie 8.10 1.75 10.5 
* * ** NS 
a) Values follwed by a * or ** indicate a significant 
separation between the two values at P < 0.05 and 0.01 
respectively based on a paired t-test. 
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PAPER 2 




The internal nitrogen (N) cycle of prairie soils is 
highly conservative of N, in contrast to that of cultivated 
soils. This condition has been attributed partly to carbon 
(C) available for microbial use. Soluble sugars, amino-N and 
microbial biomass C may, in part, reflect this pool of 
available C, but there is currently little information 
available regarding these soil constituents. Soluble 
organics, microbial biomass, and inorganic N thus were 
observed on three paired prairie and cultivated soils to 
determine whether differences between prairie and cultivated 
soils change with season. Soils were sampled bimonthly and 
analyzed for 0.5 M K2SO4 soluble sugars (anthrone-reactive 
carbon [ARC]), soluble organic C, microbial biomass, and 2 M 
KCl extractable amino-N, NH4, and NO3. Microbial biomass C 
consistently was greater in prairie soils than in cultivated 
soils although the two systems followed similar seasonal 
trends. Microbial biomass C was greatest in late February 
after thaw. Soluble ARC generally was greater in prairie 
soils than in cultivated soils but did not increase in concert 
with microbial biomass. Soluble amino-N reached its lowest 
levels when microbial biomass was maximized. Rapid 
consumption of amino-N after thaw may relate to microbial 
activity and to N mineralization. Soluble ARCiNOg-N indicates 
that there is sufficient C available, as soluble sugars, to 
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The internal nitrogen (N) cycle of virgin or of 
established prairie is highly conservative of N making such an 
environment an appropriate model system in which to study 
potential factors controlling internal cycling of N. Little 
inorganic N is accumulated in a prairie or in a grassland 
ecosystem, and thus little is lost to either leaching or 
denitrification (Woodmansee et al., 1981; Goodroad and Keeney, 
1984a). Inorganic N rarely accumulates in a grassland soil 
although it is continuously mineralized and re-immobilized 
(Woodmansee et al., 1981). 
Isotope dilution studies have indicated that significant 
levels of nitrification occur in grassland soils although 
little NO3 is accumulated (Schimel et al., 1989; Davidson et 
al., 1990). In addition to rapid plant uptake of NO3 in 
prairie soils in spring and summer (Clark, 1977), microbial 
activity has been found to account for much of the short-term 
NO3 and NH4 immobilization in grassland soils (Jackson et al., 
1989) . The ability of microorganisms to immobilize or to 
assimilate NO3 partly depends on the quantity and the quality 
of an available C source (Schimel, 1986). 
Bosatta and Agren (1991) have described soil organic 
matter quality as "a measure of substrate accessibility 
expressed through the growth performance of the decomposer 
community." Organic matter quality therefore would be a 
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function of physical, chemical, and biological interactions 
and likely would be difficult to define. 
Arshad et al. (1990) have described organic matter 
quality in terms of total hydrolyzable amino acids and 
carbohydrates. It has been suggested, however, that total 
hydrolyzable amino acids are not related to mineralizable N 
and that hydrolyzable carbohydrates are not readily available 
to microbes (Keeney and Bremner, 1964; Cheshire, 1977). 
Aoyama (1991) found that the water-soluble fraction of 
various manure and waste composts was quite active and 
contained the largest component of C readily mineralized by 
microorganisms. Studies also have found water-soluble organic 
C to be a pool of C immediately available for microbial use 
(McGill et al., 1986). Water-soluble amino acids, polyamides, 
and sugars comprise a small and ephemeral pool of soil organic 
matter that reflects a balance between degradation and uptake 
of larger organic compounds by microorganisms (Stevenson, 
1982). This balance should describe partly the relative 
accessibility of substrate to soil microorganisms. 
Concentrations of soluble sugars and amino acids were 
found to be generally greater in prairie soils than in 
cultivated soils within the same soil map unit (DeLuca and 
Keeney, 1993). Studies of paired prairie and cultivated soils 
suggest that energy available as C in prairie soils is 
sufficient to allow for the immobilization of ambient NO3, but 
51 
this is not the case in cultivated soils (Schimel, 1986; 
DeLuca and Keeney, 1993). It also has been demonstrated that 
microorganisms directly assimilate amino acids in soil systems 
(Monreal and McGill, 1989; Barak et al., 1990); thus free 
amino acids are potentially important components of the 
internal N cycle of soils with mineralizable proteins. 
We suggest that if soil organic matter quality were 
defined with respect to a conservative internal N cycle, then 
two important factors would be a C source immediately 
available for microbial use and any organic N sources that 
could be directly assimilated. We propose that soluble sugars 
and amino-N represent, in part, this pool of C and N. 
Currently, there is little information available regarding 
either the temporal dynamics of soluble organics or the 
relation of these pools to microbial biomass or extractable N. 
The objectives of the work reported were to investigate 
the relative concentrations of soluble sugars, amino-N, and C 
in paired prairie and cultivated soils at various periods 
throughout the year and to observe any corollary changes in 
microbial biomass or in extractable N. 
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MATERIALS AND METHODS 
Soil samples were collected approximately every other 
month from three individual sites in central Iowa (Story 
County) from July 1991 to July 1992. The three sites were 5 
to 10 km apart and were described in DeLuca and Keeney (1993). 
Each site was either virgin or established (> 100 years old) 
tallgrass prairie which is in immediate proximity to and 
within the same soil map unit as the conventionally managed 
cropland. General soil properties are given in Table 1. 
The Kossuth site resides within a poorly drained Kossuth 
clay loam (Typic Haplaquolls) map unit. The site is an upland 
virgin prairie dominated by Scribners panicum fPanicum 
oliaosanthes Schult. var. scribnerianum), big bluestem 
fAndropoaon aerardii Vitman), and showy sunflower (Helianthus 
liaetiflorus var. riaidus Martens). The paired cropland was 
planted to a corn (Zea mavs L.) and soybean (Glycine max L.) 
rotation, with corn grown in 1992. Both the Clarion and the 
Canisteo sites are established upland prairie remnants in an 
abandoned rail right-of-way (approximately 5 km apart). The 
Clarion site resides in a moderately well-drained Clarion loam 
(Typic Hapludolls). The site is dominated by prairie 
cordgrass (Spartina pectinata Link), little bluestem 
(Andropoaon scoparius Michx.), and Kentucky bluegrass (Poa 
pratensis L.). The Canisteo site resides in a Canisteo silt 
loam (Typic Haplaquolls) map unit. The vegetation is 
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dominated by Scribners panicum and by smooth brome grass 
(Bromus inermus Leyss.). Both the Clarion and the Canisteo 
crop sites were planted to a corn and soybean rotation with 
soybean grown in 1992. 
The Kossuth, Canisteo, and Clarion sites were sampled in 
mid-July (J), early October (0), and mid-December (D) of 1991 
and in late February (F), early May (M), and mid-July of 1992. 
Data for the July 1991 sampling originally were presented in 
DeLuca and Keeney (1993). Average ambient air temperatures 
for the study area are -8.3°C in January and 23.9°C in July. 
Soil temperatures at 20 cm, taken at 5:00 pm, and averaged 
across the three dates for the sample dates in the study area 
were 28°C in July, 14°C in October, 0°C in December, 4°C in 
late February and early March, 13°C in May, and 26°C in July 
of 1992. Soils were frozen during sampling in December and 
had recently thawed in February. 
Three randomly placed replicate soil samples were 
collected to a depth of 30 cm (within the rooting zone) with a 
hand-held 2.5-cm-diameter soil probe at each prairie and crop 
site, as described by DeLuca and Keeney (1993). Replicates 
were taken at least 10 m apart and were composed of seven 
randomly placed subsamples from a 1 area. The composite 
soil samples were thoroughly mixed and returned to the 
laboratory in which visible plant residues were removed. 
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Soils were subsampled to determine gravimetric water 
content, inorganic N, soluble C, ARC, biomass C, and 
ninhydrin-reactive N. Subsamples of soil also were air dried, 
ground, passed through a 200 mesh sieve, and analyzed for 
total organic C and total Kjeldahl N. 
Ammonium, NO3, and soluble amino-N were extracted by 
shaking fresh soil (25 g oven-dried-equivalent) in 50 ml of 
2 M KCl for 1 hour and filtering the suspension through 1.2 /xm 
glass fiber filters. A Lachat flow injection system (Lachat 
Instruments, Milwaukee, WI, Quickchem Method No. 12-107-06-2-A 
and 12-107-0401B) was used to analyze the filtrates for NH4 
and for NO3. The colorimetric ninhydrin reactive-N method 
described by Amato and Ladd (1988) was used to determine 
amino-N in 2 M KCl soil extracts. Amino-N was calculated as 
(lug ninhydrin reactive N g~^] minus [/xg NH4-N g"^]). 
Microbial biomass C was determined by fumigation-
extraction (Wu et al., 1990). Soluble C, ARC, and chloroform 
(CHCI3) labile C (C solublized by CHCI3 during a 24-hour 
fumigation) were extracted by placing field-moist soil (25 g 
oven-dried-soil-equivalent) and 50 ml of 0.5 M K2SO4 in a 250 
ml french square bottle. These bottles were shaken for 30 
minutes, and the suspensions were filtered through 1.2 jum 
glass fiber filters. Soluble, nonpurgeable organic C was 
analyzed by ultraviolet-persulfate oxidation on a Dohrman 180-
C analyzer. Biomass C was calculated as ([soluble C fumigated 
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minus soluble C non-fumigated]/O.45). Soluble ARC was 
determined by reacting 5 ml of the soil extract with 10 ml of 
anthrone reagent and by analyzing the extract 
colorimetrically, using glucose as the standard (Brink et al., 
1960). 
The Walkley-Black method was used to determine total 
organic C, with a standard soil of known C content was used to 
calculate an appropriate correction factor (Nelson and 
Sommers, 1982). Total Kjeldahl N was determined as described 
by Bremner and Breitenbeck (1983). Soil pH was determined in 
0.01 M CaCl2 in a 2:1 CaCl2 to soil dilution. Particle size 
distribution was determined by hydrometer (Gee and Bauder, 
1986). 
All sites were treated as paired comparisons with the 
three randomly placed composite samples serving as replicates. 
A paired t-test was used to determine mean separation within 
paired sites (Zar, 1984). Seasonal effects and interactions 
with cover (prairie versus cultivated) were analyzed with an 
analysis of variance procedure for repeated measures. 
Statistical analyses were performed with PC-SAS (SAS 
Institute, Gary, NC). 
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RESULTS AND DISCUSSION 
Microbial biomass C concentrations consistently were 
greater in the prairie soils than in the cultivated soils 
(Table 2). The highest concentration of microbial biomass C 
was detected in the prairie soils and in two of the cultivated 
soils after thaw at the end of February. Significant date and 
cover effects were noted across all sites without a 
significant (P < 0.05) date-by-cover interaction. 
Most studies of seasonal changes in microbial biomass 
have demonstrated highest levels of microbial biomass in the 
summer (Lynch and Panting, 1982; McGill et al., 1986; Patra et 
al., 1990; VanGestel et al., 1992). Based on location or on 
time frame of study, these investigations have not included a 
significant or repetitive freeze-thaw period. Repetitive 
freeze-thaw cycles or a single hard freeze-thaw event will 
perturb microbial populations (Morley et al., 1983) and cause 
a post-thaw increase in microbial activity (Mack, 1963; 
Ivarson and Sowden, 1970; Skogland et al., 1988). Studies of 
temperate grassland and of forest soil exposed to freeze-thaw 
cycles have found microbial biomass greatest in autumn and in 
spring months (Ross et al., 1981; Lutzow et al., 1992). 
Although these studies did not include a sample at or 
immediately after thaw, as in our study they did demonstrate 
lower levels of microbial biomass in summer months. 
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The concentration of soluble sugars, measured as ARC, 
generally was greater in prairie soils than in cultivated 
soils (Table 2). There was a significant cover effect, but no 
effect of date on levels of soluble ARC across the three 
soils. The concentration of soluble ARC in prairie soils and 
the relative difference between prairie and crop soils were 
greatest in February for the Clarion and the Canisteo sites 
and in December for the Kossuth site. Laboratory studies by 
Ivarson and Sowden (1970) have shown that concentrations of 
soluble sugars in soils increased upon thawing of frozen 
soils. In our field study, we found such increases in two of 
the prairie soils. 
Total soluble C (extracted in 0.5 M K2SO4) was 
inconsistent across the three sites and was highly variable 
(Table 2). The relative levels of total soluble C do not 
reflect the relative difference in microbial biomass between 
the crop and the prairie soils. The variability is especially 
obvious at the Canisteo site where there are large, yet not 
significant, differences between prairie and crop soils. 
Soluble amino-N generally was higher in prairie soils 
than in cultivated soils (Table 3). There was a significant 
effect of date on soluble amino-N, and the cover-by-date 
interaction was significant only at P < 0.10. The date effect 
was reflected in both the low concentrations of amino-N in 
February and relatively high concentrations during summer 
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months for both prairie and cultivated soils. The low levels 
of amino-N in February may correspond to the increase in 
microbial biomass that occurred in the same time frame (Table 
2). Increased microbial activity at thaw would increase N 
mineralization and perhaps decrease the level of soluble 
amino-N. 
There is an increase in NH4 between December and February 
in the two upland prairie sites and an increase in NO3 at this 
same time in the cultivated soils (Table 3). Possibly, the 
decrease in amino-N and increase in inorganic N in February is 
a result of increased N mineralization after thaw of frozen 
soils (DeLuca et al., 1992). Alternatively, soil 
microorganisms may be directly assimilating amino acids as a 
source of N (Monreal and McGill, 1989; Barak et al., 1990) 
during a period of increased microbial activity. 
Ammonium frequently was greater in prairie than in 
cultivated soils, but there was no significant effect of 
either date or cover across the three soils (Table 3). An 
anhydrous NH3 application to the cultivated Kossuth site in 
May 1992 masked natural N transformations on that site. 
Levels of NO3 generally were higher in cultivated soils than 
in prairie soils (Table 3). This effect was least obvious in 
February and in May, during which Clarion and Canisteo prairie 
soils increased in NO3 despite active plant growth. The 
length of sampling interval in this study, however, limits the 
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meaning of seasonal trends in inorganic N. Studies have 
demonstrated that significant mineralization and nitrification 
can occur at low temperatures (Malhi and Nyborg, 1986; 
Kladivko and Keeney, 1987), thus an increase in NO3 observed 
during a two-month period of winter may be unrelated to post-
thaw mineralization. From July to October in all soils there 
was a consistent decline in NO3 whereby concentrations reached 
their lowest levels either in October or December (Table 3). 
Nitrate levels in the virgin Kossuth prairie soil were 
consistently lower than 1.0 jug g"^. The ratio of NH4 to NO3 
generally was greater than 1.0 in prairie soils and smaller 
than 1.0 in cultivated soils. 
Total organic C and total Kjeldahl N were greater in 
prairie soils than in cultivated soils throughout the year 
(Table 4). A significant date effect was observed for levels 
of C and N, but it was inconsistent across the three sites. 
Total C;N ratios were not significantly different between 
prairie and cultivated soils (Table 4). 
Soluble C:N and ARCiNOg ratios may indicate the relative 
abundance of available C and N in the two soil systems better 
than total C;N ratios (Table 5). DeLuca and Keeney (1993) 
estimated the relative likelihood of NO3 immobilization based 
on a gross estimate of energy present as soluble sugars (2870 
kJ mol"^) and energy required to assimilate ambient NO3 (379 
kJ mol"^). Soluble ARC:N03-N smaller than 0.6 would indicate 
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that there is insufficient soluble hexose sugars present to 
allow for immobilization of the accumulated NO3. The ARCzNOg-
N consistently was greater than 1.0 (as high as 41.0) in 
prairie soils and generally was smaller than 1.0 in cultivated 
soils. These findings support Schimel's (1986) hypothesis 
that cultivated soils are limited in available C, whereas 
grassland soils have sufficient C available to allow for 
immobilization of NO3. 
DeLuca and Keeney (1993) also suggested that the ratio of 
total soluble C to inorganic N might be a more appropriate 
index of N mineralization potential than is total C:N, 
however, soluble C;N was inconsistent spatially and 
temporally. Soluble C;N was consistently greater in prairie 
than in crop soils only during July and October (Table 5). 
Soluble C:N ratios were not significantly different between 
any of the crop or prairie sites in February, when microbial 
biomass was greatest. There was a significant effect of date 
and cover-by-date interaction for soluble C:N. The crop soils 
consistently increased in soluble C;N between the October and 
the December sampling, when there was a decline or no change 
in the prairie soils. 
The ratio of microbial biomass C to total C (MicCrTotC) 
tends to normalize changes in microbial biomass and thus is 
considered a reliable method for monitoring small changes in 
soil organic matter over time (Sparling, 1992). In this 
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study, there was little difference in how microbial biomass 
(Table 2) and MicCrTotC (Table 5) changed over time for either 
prairie or cultivated soil. There were significant cover and 
date effects on MicC;TotC and no significant cover-by-date 
interaction, indicating that the increase in microbial biomass 
C after thaw was consistent regardless of vegetation in 
central Iowa. This post-thaw increase in microbial biomass 
may be related to the observed increase in nitrous oxide 
emission immediately after thaw of frozen soils (Goodroad and 
Keeney, 1984b; Gates and Keeney, 1987). Limited Og diffusion 
in wet soils at a period of increased microbial activity would 
encourage denitrification and cold temperatures would increase 
the ratio of N2O to N2 (Keeney et al., 1979). 
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CONCLUSIONS 
In this study we used the native prairie system as the 
standard for N cycling efficiency and used microbial biomass, 
extractable inorganic N, and soluble organics as potential 
indicators of the status of the internal N cycle of the two 
ecosystems. Data from this study demonstrate that, during the 
course of a year, prairie ecosystems are consistently higher 
in microbial biomass C, NH^iNOg, total C, and total N than 
cultivated soils and generally higher in soluble ARC, ARCiNOg, 
and soluble amino-N than cultivated soils. 
Microbial biomass C was greatest in both prairie and 
cultivated soils following thaw in late February. Soluble ARC 
increased in accord with biomass C in only two of the prairie 
soils. Soluble amino-N dropped to a minimum during the period 
when microbial biomass reached a peak. This decrease in 
soluble amino-N may be due to rapid mineralization or 
assimilation during the observed period of rapid microbial 
growth. Total soluble C was highly inconsistent across sites 
and sampling dates. The lack of consistent significant 
seasonal trends in soluble ARC and inorganic N is possibly a 
function of the long sampling interval. 
Soluble ARCiNO] may be a useful relative index of NO3 
immobilization potential for a given soil and allow for 
comparison of differently managed soil. Further work must be 
performed, however, to determine the utility of soluble amino-
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N or ARC (alone or in conjunction with other soil parameters) 
in estimating the levels of C and N immediately available for 
microbial use. 
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Table 1. General soil properties. 

































Table 2. Microbial biomass C, soluble ARC, and total soluble 
C in three paired prairie and cultivated soils 
measured at different sampling dates and analysis of 
variance for date, cover, and date-by-cover 












Crop Prairie Crop Prairie Crop 
J 1991^ 267 617**° 4.5 5. Ins 34.5 
0 229 972** 3.4 8.0** 30.0 
D 220 1244** 2.2 12.6** 40.0 
P 1992 578 2005** 3.0 7.8+ 34.5 
M 390 1252* 3.6 5.3+ 38.3 
J 281 599** 3.3 5.0* 49.9 
Clarion 
Crop Prairie Crop Prairie Crop 
J 1991 172 734** 2.8 4.7* 33.5 
0 316 1395** 3.7 7.5** 26.0 
D 511 1418** 2.1 7.6** 46.9 
P 1992 379 1968** 2.8 9.7* 34.1 
M 301 1173** 2.2 5.8** 29.2 









































Source of variation (P value less than) 
Cover 0.01 0.01 0.10 
Date 0.01 ns 0.01 
Cover X date 0.10 ns ns 
a) July 1991 data from DeLuca and Keeney (1993). 
b) Mean separation between crop and prairie soils as 
determined by a paired t-test of three replications are 
indicated as either ns = not significant and +, *, and ** 
indicate significant at P < 0.10, 0.05, and 0.01, 
respectively. 
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Table 3. Soluble amino-N, NH4, NO3, inorganic N, and 
NHazNOg in three paired prairie and cultivated 
soils measured at different sampling dates and 
analysis of variance for date, cover, and date-by-
cover interaction across the three soils. 
Site/ Soluble 
Date Amino-N NH4-N NO3-N 
g-1 
Kossuth 
Crop Prairie Crop Prairie Crop Prairie 
J 1991^ 1.01 1.85*9 6.6 4.4ns 6.1 0.3** 
0 0.11 0.79** 0.8 1.2* 2.9 0.2** 
D 0.38 1.61** 0.9 2.9** 3.0 0.6** 
P 1992 0.00 0.47* 1.3 2.5* 5.2 0.8** 
M 0.00 0.24ns 34.1 3. 3ns 14.1 0.4* 
J 0.89 2.98+ 0.6 1.3ns 19.9 0.4* 
Clarion 
Crop Prairie Crop Prairie Crop Prairie 
J 1991 1.12 1.88** 3.8 4.2* 10.6 0.6** 
0 0.31 0.99* 0.5 1.8** 5.8 0.9* 
D 0.80 1.48ns 0.9 2.3* 1.9 0.5* 
F 1992 0.15 0.00ns 1.3 6.0** 2.6 1. Ins 
M 0.14 1.34+ 0.8 5.1** 3.2 2. 4ns 
J 0.71 1.87** 0.3 0.8* 6.8 1.1** 
Canisteo 
Crop Prairie Crop Prairie Crop Prairie 
J 1991 1.16 1.65** 2.1 2. 0ns 11.1 1.3* 
0 0.53 0.97** 0.2 1.2** 5.7 0.7** 
D 0.93 1.61ns 1.9 1.8ns 1.6 1.0ns 
F 1992 0.00 0.00ns 1.2 5.3** 4.1 2.0+ 
M 0.04 0.60** 0.7 1.8** 3.6 2. 4ns 
J 0.63 1.69** 0.2 1.4* 6.3 3.0+ 
Source of variation (P value less than) 
Cover 0.10 ns 0.10 
Date 0.05 ns ns 
Cover X date 0.10 ns ns 
a) July 1991 data from DeLuca and Keeney (1993). 
b) Mean separation between crop and prairie soils as 
determined by a paired t-test of three replications are 
indicated as either ns = not significant and +, *, and ** 
indicate significant at P < 0.10, 0.05, and 0.01, 
respectively. 
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Table 4. Total organic C, Kjeldahl N, and C:N ratio of 
three paired prairie and cultivated soils measured 
at different sampling dates and analysis of 
variance for date, cover, and date-by-cover 


































































































Source of variation (P value less than) 
Cover 0.05 0.05 ns 
Date 0.01 0.05 0.01 
Cover X date 0.01 0.05 ns 
a) July 1991 data from DeLuca and Keeney (1993). 
b) Mean separation between crop and prairie soils as 
determined by a paired t-test of three replications are 
indicated as either ns = not significant and +, *, and ** 
indicate significant at P < 0.10, 0.05, and 0.01, 
respectively. 
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Table 5. Seasonal changes in soluble C:N, microbial biomass 
C:total C, and ARCzNOg in three paired prairie and 
cultivated soils measured at different sampling 
dates and analysis of variance for date, cover, 
and date-by-cover interaction across the three 
soils. 
Site/ Soluble ARC: Biomass C: 
Date C:N NO3-N Total C 
Kossuth 
Crop Prairie Crop Prairie Crop Prairie 
J 1991® 2.7 6.4**" 0.7 18.1* 0.08 0.16** 
0 8.3 29.4* 1.2 41.0** 0.07 0.24&* 
D 10.7 16.9* 0.8 19.5** 0.07 0.30** 
P 1992 5.5 16.3 + 0.6 23.0ns 0.20 0.51* 
N 2.1 10.8** 0.3 11.9** 0.14 0.32** 
J 3.1 28.4* 0.2 16.2* 0.08 0.15** 
Clarion 
Crop Prairie Crop Prairie Crop Prairie 
J 1991 2.4 7.6** 0.3 7.8** 0. 06 0.18** 
0 4.6 14.6** 0.7 10.7* 0.11 0.33** 
D 18.1 23.7ns 1.2 16.2** 0.18 0.33* 
F 1992 10.4 6.7ns 1.1 9.5** 0.17 0.44* 
M 7.4 5.6ns 0.7 2.5* 0.12 0.27** 
J 5.1 23.0* 0.5 4.5** 0.08 0.22** 
Canisteo 
Crop Prairie Crop Prairie Crop Prairie 
J 1991 4.6 20.4** 0.4 8.5** 0.10 0.27** 
0 6.1 28.4* 0.6 13.8** 0.09 0.28** 
D 17.2 24.7ns 1.6 7.5** 0.09 0.26** 
P 1992 8.9 10.8ns 0.8 5.7+ 0.22 0.36** 
M 11. 3 12.3ns 0.8 1.8ns 0.11 0.22** 
J 9.0 23.0ns 0.7 4. 6ns 0.11 0.28** 
Source of variation (P value less than) 
Cover 0.05 ns 0.01 
Date 0.01 0.05 0.01 
Cover X date 0.01 0.05 ns 
a) July 1991 data from DeLuca and Keeney (1993). 
b) Mean separation between crop and prairie soils as 
determined by a paired t-test of three replications are 
indicated as either ns = not significant and +, *, and ** 
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In humid regions of the U.S. there is considerable 
interest in the use of late spring (April - June) soil nitrate 
(NO3) concentration to estimate fertilizer nitrogen (N) 
requirements. There is little information available, however, 
concerning environmental factors that influence soil NO3 
concentrations in late winter and early spring. 
The influence of freeze-thaw treatments on N 
mineralization was studied on several central Iowa soils. 
Soils were subjected to temperatures of -20°C or 5°C for one 
week followed by 0 to 20 days of incubation at various 
temperatures. Release of soluble ninhydrin-reactive N (NR-N), 
N mineralization rate, and net N mineralization (mineral N 
flush) were observed. 
Freeze-thaw treatment of soil resulted in a significant 
increase in N mineralization rate and mineral N flush. 
Nitrogen mineralization rate in freeze-thaw treated soils was 
greater than in non-frozen soils for 3 to 6 days when the 
soils were incubated at 25°C following thaw and up to 20 days 
in soils incubated at 5°C. 
Freeze-thaw treatments resulted in a significant release 
of NR-N. The NR-N (mg kg~^) values were closely correlated 
with mineral N flush (r^ = 0.84). The release of NR-N is more 
closely correlated with biomass N (r^ = 0.80) than total N (r^ 
= 0.65). 
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Our results suggest that freeze-thaw events in soil 
disrupt microbial tissue in a manner similar to the effect of 
drying and re-wetting or of chloroform fumigation. In such a 
case, mineral N released is directly related soil microbial 
biomass. Net N mineralization following spring thaw may be a 




Proposed available N tests in the Midwestern U.S. have 
assumed that denitrification and leaching make nitrate (NO3) 
measurements in the fall or spring meaningless (Keeney, 1982). 
Recent studies, however, suggest that NO3 present in the soil 
profile by late spring provides a good index of available N 
during the growing season (Blackmer et al., 1989; Magdoff et 
al., 1990; Magdoff, 1991). The source of this NO3 is assumed 
to be carryover of fall NO3 and NO3 from nitrification of soil 
exchangeable ammonium (NH4) and NH4 from mineralization of 
organic matter. A critical event in NO3 formation may be the 
freeze-thaw period in early spring. Little is known regarding 
soil NO3 formation immediately following periods of soil 
freezing and thawing (Magdoff, 1991). 
Nitrogen mineralization rates are known to increase 
following biologically disruptive processes such as drying and 
re-wetting or fumigation with chloroform (CHCI3) (Jenkinson 
and Powelson, 1976; Marumoto et al., 1982). Literature is 
mixed, however, regarding the effect of freezing and thawing 
on mineralization of soil N (Gasser, 1956; Soulides and 
Allison, 1961; Mack, 1963; Campbell et al., 1971; Ross et al. 
1980). There has been no standardized approach for studying 
the effect of freezing and thawing soils on N mineralization 
nor have the differences in soil properties been addressed 
with regard to this subject. 
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It is well established that freezing and thawing of soil 
cause significant biological and physical perturbations of the 
soil. These include the rupture of microbial cells (Morely et 
al., 1983) and release of soluble organic materials such as 
amino acids and sugars (Ivarson and Sowden, 1965; 1970; Ross, 
1972). Freeze-thaw events in soil are usually followed by a 
burst of microbial respiratory activity, presumably brought on 
by decomposition of dead microbial cells (Ross, 1972; Skogland 
et al., 1988), that could alter rates of soil N 
mineralization. 
The purpose of the work reported was to investigate the 
effect of freeze-thaw events on mineralization of soil N. To 
determine the relationship of soil biomass to N mineralized 
following freeze-thaw treatment, we used a method developed 
for biomass determination using CHCI3 fumigation-extraction 
(Amato and Ladd, 1988). 
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MATERIALS AND METHODS 
Soils used in this study were surface sampled (0 - 3 0 cm) 
from 18 locations in central Iowa (Table 1) representing 
various soil types and land use. Visible plant remains were 
removed and the soil samples were mixed thoroughly and then 
stored field moist for up to 3 months at 5°C. 
The effect of freeze-thaw treatments on short term N 
mineralization rates was determined based on a modified method 
of Stanford and Smith (1972). Replicates of samples (70 g) 
were placed in 100 ml leaching tubes, samples were moistened 
to 40% water holding capacity, and the tubes were covered with 
aluminum foil and stored in a 5° or -20°C constant temperature 
room (incubator) for 7 days. The tubes containing sample were 
then transferred to a 5° or 25°C incubator for 0, 3, 10, or 2 0 
days (1 ml of H2O was added every 4 days). Samples were then 
leached with 100 ml of 0.01 M CaCl2, and the excess moisture 
was removed to 600 mm Hg with a vacuum pump. Samples were 
returned to the 5 or 25°C incubator for 3 days, then leached 
again with 100 ml of CaCl2, and the leachate was analyzed for 
NH4 and NO3. 
The effect of freezing and thawing on net mineralization 
of N and release of NR-N was determined by placing 3 replicate 
samples of 20 g (oven dry equivalent) field moist soil into 
250 ml French square bottles, fitted with the bottles with 
saran wrap lined rubber stoppers, and placing the bottles in a 
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5°C or -20°C incubator for 7 days. Half of the bottles were 
immediately extracted with 40 ml of 2 M KCl and the remaining 
bottles were placed in a 25°C incubator for 10 days (bottles 
aerated every 5 days) and then extracted with 40 ml of 2 M 
KCl. Portions of the extracts were analyzed for NH4-N and 
NO3-N within 1 hour. The remaining extract was stabilized 
with 0.1 ml of concentrated H3PO4 and refrigerated (4°C) until 
further analysis. A 10 day mineral N flush caused by freeze-
thaw treatments was calculated as the net N mineralized after 
10 days in soils incubated at -20°C minus the net N 
mineralized in the corresponding non-frozen soil. 
The extracts were analyzed for NR-N following a modified 
method of Amato and Ladd (1988). Two ml of extract were 
placed in a 2 0-ml screw cap test tube and diluted with 2 ml of 
2 M KCl, and the contents were mixed thoroughly with 4 ml of 
freshly prepared ninhydrin reagent (Moore and Stein, 1954). 
The tubes were then placed in a boiling water bath for 15 
minutes, shaken for 30 seconds, and cooled to room 
temperature. The samples were analyzed against L-leucine-N 
standards as described by Moore and Stein (1954). Ninhydrin-
reactive N released by the freeze-thaw event was calculated as 
the amount in extracts from freeze-thaw treated soils minus 
that in non-frozen soils. 
Soil extraction and analysis of NH4 and NO3 was performed 
as described by Keeney and Nelson (1982) using a flow 
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injection analyzer (Lâchât Instruments). Soil pH was 
determined by a 2:1 dilution of soil in 0.01 M CaCl2. Soil 
organic C was determined by the Walkley-Black method (Nelson 
and Sommers, 1982). Total N was determined using the 
semimicro-Kjedahl method of Bremner and Breitenbeck (1983). 




The results demonstrated that freeze-thaw treatment of 
soil increases the rate of N mineralization, total amount of N 
mineralized, and the release of NR-R. The short term 
mineralization studies using Stanford tubes allowed a "stop-
time" look at the effect of freeze-thaw treatments on N 
mineralization rates. Incubation at 5° or 25°C following 
freeze-thaw treatment resulted in a significant increase in N 
mineralization rate over non-frozen controls (Table 2). The N 
mineralization rate in the freeze-thaw treated Harps and Floyd 
soils was significantly higher than the control only for the 
first 3 to 6 days of incubation at 25°C reflecting a rapid 
initial rate of N mineralization. This initial "burst" of 
mineralization is quickly lost in the low organic matter Floyd 
Loam. However, incubation of the Floyd loam at 5°C following 
freeze-thaw treatment resulted in a mineralization rate that 
was maintained at a higher level than the non-frozen controls 
through the 20-day test period. Even though the initial 
mineralization rate at 5°C was slower than the rate at 25°C, 
the longer duration of increased mineralization at 5°C may 
ultimately yield mineral N levels similar to those formed at 
25°C. 
Release of soluble NR-N following freeze-thaw treatments 
of prairie and cropland soils is shown in Table 3. Ten-day 
mineral N flush in these soils ranged from 0.3 to 6.27 ng N 
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g~^ soil (Table 3). Thirteen of the 18 soils tested 
demonstrated a significant flush of mineral N (P < 0.05) 10 
days following freeze-thaw treatment. The Floyd Loam (soil 
#2) gave a small 10-day mineral N flush which is consistent 
with the short term increase in mineralization rate observed 
in the previous study (see Table 2). Ninhydrin-reactive N 
released following perturbation reflects a combination of 
amino acids, polyamides, amino sugars, and NH4 (Stevenson 
1982) . The amino-N portion of this assay is rapidly 
mineralized to NH4 (Amato and Ladd, 1988). 
Release of ninhydrin-reactive N following a freeze-thaw 
treatment is highly correlated (r^=0.84) with the 10-day 
mineral N flush (Fig. 1). This release of ninhydrin-reactive 
N is more closely related to biomass N (Fig. 2) than total N 
(Figure 3). From these results we conclude that the observed 
flush of mineral N after a freeze-thaw treatment likely 
resulted from mineralization of N derived primarily from soil 
microbial biomass. 
It is well established that soils fumigated with 
chloroform (CHCI3) or dried and re-wetted, have a flush of 
mineral N during subsequent incubation that is related to the 
amount of biomass N (Jenkinson and Powelson, 1976; Marumoto et 
al., 1982). Recently, workers have found NR-N formed 
immediately after fumigation to be a convenient index of 
biomass C and N (Amato and Ladd, 1988; Carter, 1991). Since 
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it has been demonstrated that freeze-thaw events have an 
effect on biomass (Skogland et al., 1988), it is likely that 
soil biomass is the source of NR-N released by freeze-thaw 
treatments. The portion of biomass killed by the freeze-thaw 
treatment may be estimated by multiplying the mineral N flush 
by 8 and dividing by the total soil biomass (Marumoto et al., 
1982). Based on our investigation, an average of 10% of the 
soil biomass was killed by freeze-thaw treatment. This level 
of kill is in agreement with the work of Skogland et al. 
(1988) which demonstrated a 5 - 15% increase in CO2 evolution 
following freeze-thaw treatment. 
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DISCUSSION 
The previous lack of agreement on the effect of freeze-
thaw treatments on mineralization of soil N may be partially 
explained by lack of a standardized approach. Most studies 
concerning the effect of freezing on N mineralization have 
concentrated on 10 day or longer incubations and none of the 
studies has evaluated short term mineralization rates (Gasser, 
1956; Soulides and Allison, 1961; Ross et al., 1980). Such an 
approach would likely have missed short-term increases in 
mineral N. 
Studies which found no increase in N mineralization rate 
following freeze-thaw treatment of soils include those of 
Soulides and Allison (1961) and Campbell et al. (1971). The 
results of Soulides and Allison (1961) likely were influenced 
by the use of air-dried soils. This would have resulted in a 
previous kill of sensitive microbes. Campbell et al. (1971) 
attempted to simulate fall or spring conditions, but evaluated 
only one soil. If the soil used in the Campbell et al. (1971) 
study was similar to the Floyd Loam used in this study, a 
short-term increase in mineralization rate may not have been 
observed after 7 days of incubation at 25°C. 
Gasser (1956) demonstrated no increase in mineral N in 
soils treated with a single freeze-thaw event but a slight 
increase in N mineralization was shown in soils subject to 
alternate freeze-thaw treatments over a 2-day period. In this 
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study a freeze treatment temperature of -10°C was used, which 
may not have been sufficiently cold to rupture most microbial 
cells. This is demonstrated in Gasser's study by the positive 
effect of alternate freeze-thaw treatments on mineralization 
of soil N. 
Mack (1963) demonstrated a significant increase in N 
mineralization in soils following freezing of soil at -196°C. 
Though this work is valid for the use of "ultra-low" 
temperature freezer or liquid N2 storage, the extremely low 
temperature bears little resemblance to natural conditions. 
Our results support the work of Allen and Grimshaw (1962), 
which demonstrated an increase in mineral N with freezing of 
soils at -15°C. 
Under natural conditions, Iowa soils experience numerous 
freeze-thaw cycles. Our decision to use a single severe event 
was based on the work of Morely et al. (1983), that 
demonstrated that numerous mild freeze-thaw cycles had an 
effect on microbial populations similar to that of as a single 
severe freeze-thaw event. We used a freezing temperature of 
-20°C based on the work of Mazur (1980), which demonstrated 
that a single freezing period with temperatures less than 
-15°C was necessary to affect microbial populations 
signif icantly. 
Iowa surface soil temperatures generally remain below 5°C 
for 3 weeks following thaw and are subject to numerous freeze-
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thaw events in late winter and early spring (Elford and Shaw 
1960). Denitrification and mineralization are known to occur 
at low soil temperatures (Campbell et al., 1971; Kladivko and 
Keeney, 1987; Borland and Beauchamp, 1991). Freezing may 
result in increased N mineralization rates when soil 
temperatures remain below 5°C, thus increasing the potential 
for leaching and denitrification losses. 
Our results, in part, support the discussion of Magdoff 
(1991), who suggested that mineralization of soil N should 
increase rapidly following thaw. This would indicate that 
sampling for plant available N during a period of increased N 
mineralization rates (early spring) may give unreliable 
results. The use of late spring soil NO3 levels to predict 
plant available N may circumvent this problem (Blackmer et 
al., 1989; Magdoff, 1991). 
Our results also have implications for frozen storage of 
soils. Storage of fresh soil samples at temperatures less 
than -20°C may result in an increase in N mineralization rate 
immediately following thaw. For soil testing purposes we 
would suggest immediate extraction for analysis (no thaw 
period). For investigations of soil N transformations we 
suggest post-thaw incubation at 25°C for about 10 days to 
allow mineralization rate to return to a steady state before 
initiation of further studies. 
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CONCLUSIONS 
Moist soils frozen to -20°C and then thawed exhibit a 
significant increase in N mineralization rate compared to non-
frozen soils. The soil N mineralized following freeze-thaw 
events could account for a significant portion of the late 
spring soil test index if the soil is high in biomass N. 
Based on our findings we would also suggest that soils stored 
at temperatures below -20°C either be given a 10-day 
incubation period at 25°C prior to initiation of N 
mineralization studies or be immediately extracted following 
removal from the freezer for soil inorganic N analyses to 
avoid increased inorganic N. 
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Table 1. Physical and chemical properties of soils. 
Soil Soil Total ' Organic Land 
No. Map Unit PH Sand Clay N C use at 
— — — — — %  sampling 
1 Harps* 
Floyd" 
7.6 10 42 0.27 3.88 Corn 
2 6.3 42 14 0.21 3.02 Soybean 
3 Webster^ 5.4 38 30 0.26 2.00 Corn 
4 Webster 5.3 18 38 0.38 3.94 Prairie 
5 Canisteo^ 7.3 40 22 0.32 2.84 Corn 
6 Canisteg 7.2 58 16 0.38 4.26 Prairie 
7 Clarion^ 6.0 32 22 0.29 2.97 Corn 
8 Clarion 5.7 37 17 0.41 3.88 Prairie 
9 Clarion 5.7 23 24 0.27 2.48 Corn 
10 Clarion 6.0 24 42 0.30 3.75 Prairie 
11 Canisteo 7.3 27 36 0.29 2.69 Corn 
12 Canisteo 7.3 25 40 0.44 4.05 Prairie 
13 Nicolett® 7.1 30 16 0.27 2.99 Soybean 
Prairie 14 Nicolett 6.0 42 20 0.38 4.00 
15 Niçolett 5.6 35 24 0.22 2.35 Corn 
16 Nicolett 6.1 44 20 0.34 3.25 Prairie 
17 Kossuth^ 6.1 18 52 0.26 3.34 Soybean 
18 Kossuth 6.0 25 42 0.36 4.08 Prairie 
a) Typic Calciaquoll. 
b) Aquic Hapludoll. 
c) Typic Haplaquoll. 
d) Typic Hapludoll. 
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Table 2. Short-term (3 day) N mineralization rate of 2 soils 
incubated for 7 days at 5 or -20°C, then incubated 
for 0, 3, 10, or 20 days at 5 or 25°C, flushed with 
0.01 M CaCl2, and then incubated for 3 days at 5 or 
25°c. 
Mineralization rate (act N/q soil/3 davs) 
HARPS 
Incubation time (days) 
0 3 10 20 
Non-Frozen (5°C) 
5°C 1.63 2.02 0.94 2.27 
25°C 2.87 4.19 2.88 2.47 
Frozen (-20°C) 
5°C 3.95 3.16 1.22 2.62 
25°C 5.03 5.45 2.60 2.37 
LSD (0.05) within columns = 0.37 
FLOYD 
Incubation time (days) 
0 3 10 20 
Non-Frozen (5°C) 
5°C 0.53 0.71 0.63 0.55 
25°C 1.82 2.27 2.15 1.70 
Frozen (-20°C) 
5°C 1.55 1.03 0.86 0.76 
25°C 2.67 1.50 1.81 1.39 
LSD (0.05) within columns = 0.19 
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Table 3. Immediate release of ninhydrin-reactive N and the 
10-day increase in net N mineralization at 25°C 
(10-day mineral N flush) in soils following 7 days 
of incubation at -20°C. 
Soil# Land use Mineral Released 
N flush ninhydrin 
(10 day) reactive N 
—-(Mg/g) 
1^ Crop 4.55 0.98 
2 Crop 1.14 0.29 
3 Crop 1.93 0.36 
4 Prairie 6.25 1.21 
5 Crop 0.21 0.25 
6 Prairie 3.16 1.10 
7 Crop 1.94 0.03 
8 Prairie 5.92 1.41 
9 Crop 0.30 0.04 
10 Prairie 4.63 1.58 
11 Crop 0.95 0.25 
12 Prairie 6.27 2.36 
13 Crop 3.14 0.46 
14 Prairie 6.11 1.85 
15 Crop 1.51 0.31 
16 Prairie 6.65 2 . 03 
17 Crop 0.52 0.41 
18 Prairie 4.90 1.72 
LSD (0.05) 1.51 0.73 
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Figure 1. Relationship between the 10-day increase in net N 
mineralization at 25°C (lO-day mineral N flush) 
and the amount of ninhydrin-reactive N released 
from soil immediately following 7 days of 
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Figure 2. Relationship between soil biomass N and the 
amount of ninhydrin-reactive N released from soil 
immediately following 7 days of incubation at 
-20°C. 
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Figure 3. Relationship between total soil N and the amount 
of ninhydrin-reactive N released from soil 
immediately following 7 days of incubation at -20°C. 
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PAPER 4 
SOLUBLE ANTHRONE-REACTIVE CARBON IN SOILS AS INFLUENCED 
BY PLANT RESIDUES 
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ABSTRACT 
Studies were undertaken to determine the effect of plant 
residues on levels of soluble sugars measured as anthrone-
reactive carbon (ARC) in soils. Three different soils were 
amended with 10 g kg~^ of sorghum (Sorghum bicolor L.) grain, 
soybean (Glycine max L.) straw, or soybean straw plus 100 mg N 
kg"l as glycine. The treated soils were maintained at 40% 
water-holding capacity and 30°C and observed for changes in 
soluble ARC, microbial biomass C, and extractable NO3 and NH4 
at 0, 5, 10, 20, and 30 days. Changes in soluble ARC also 
were observed in soil treated with 2 g kg~^ cellulose with or 
without N added as glycine or as (^#4)2804. Soluble ARC was 
greatly increased upon addition of plant residues to soil, but 
declined rapidly with time. Grain sorghum and soybean straw 
plus glycine maintained soluble ARC at levels above the 
background, whereas soybean straw without glycine resulted in 
an N-limited environment in which soluble ARC droped to the 
background after 10 days. Microbial biomass C increased in 
all treated soils. Cellulose additions to soil increased 
soluble ARC only in the presence of available N. Data 
indicate that soluble ARC reflects the level of free sugars 




The recent interest in alternative agricultural systems 
that maximize use of internal sources of nitrogen (N) and 
exhibit minimal losses of N to the environment have created a 
need for an index or measure of carbon (C) that is readily 
available for microbial use. For example, the internal N 
cycle of grassland and prairie ecosystems has been shown to 
accumulate little NO3 in the soil profile because of high 
plant and microbial activity (Clark, 1977; Jackson et al., 
1989; Schimel et al., 1989). Jackson et al. (1989) used 
short-term turnover studies in grassland soils to 
demonstrate that microbes actually out-compete plants for 
available NO3 and NH4. This ability of microorganisms to 
rapidly immobilize available NO3 and NH4 is dependent on the 
presence of a readily available C source. Schimel (1986) 
described a higher level of net N immobilization in prairie 
soils than in cultivated soils and attributed it to the 
quality and quantity of C substrate available for microbial 
use in the prairie soil. There is, however, no universally 
accepted measure or index of organic matter quality or readily 
available C. 
Wholly and partly hydrolyzable soil carbohydrates have 
been studied as measures of available C, but there is no 
consensus on how these measures relate to microbial activity 
(Cheshire, 1979; Dalai and Henry, 1989; Arshad et al., 1990). 
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The rigorous nature of acid hydrolysis of soil constituents 
degrades recalcitrant compounds and microbial tissues 
otherwise not available for microbial use in the soil 
ecosystem. Additionally, partial hydrolysis with mild acids 
removes an arbitrary amount of sugars from soils of differing 
pH and buffering capacities. 
In the 1960s, there was considerable interest in soluble 
or "free" sugars in soil (Gupta, 1967; Vlassak et al., 1969; 
Ivarson and Sowden, 1970). This interest rapidly declined, 
because soluble sugars constitute a small pool of soil C 
(Stevenson, 1982). Free sugars have been labeled an ephemeral 
pool of substrate reflecting the balance between microbial 
degradation and uptake of organic matter (Gupta, 1967; 
Stevenson, 1982). If this assessment is accurate, then an 
assay of free sugars in soil would be a useful relative index 
of microbial activity and of available C. 
Recently, Aoyama (1991) found that the water-soluble 
fraction of various manure and waste composts was quite active 
and contained the largest component of C readily mineralized 
by microorganisms. Kinsbursky et al. (1989) found a strong 
correlation between water-soluble carbohydrates and wet stable 
aggregates in sludge-amended soils. Sikora and McCoy (1990) 
investigated free sugars using the anthrone reagent as a 
potential measure of available C. The investigators favored 
the use of total soluble C, however, because the concentration 
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of soluble C was of a magnitude similar to that of microbial 
biomass C. DeLuca and Keeney (1993a) recently found a 
positive relation (r^ = 0.46, P < o.oi) between soil microbial 
biomass and soluble anthrone reactive carbon (ARC) across 11 
paired prairie and cultivated soils. Collins et al. (1990) 
investigated the concentration of free sugars in soil 
following application of wheat fTriticum aestivum L.) straw to 
the surface of a Palouse silt loam. Their findings indicate 
that most nonstructural carbohydrates are lost in the first 33 
days of incubation, with little change in free carbohydrates 
thereafter. Further work is needed to determine how soluble 
sugars are influenced by the addition of plant residues to 
soil and how these sugars relate to microbial biomass. 
The current research was undertaken to determine how 0.5 
M K2SO4 soluble ARC, as a measure of soluble hexose sugars, is 
affected by the addition of different plant materials to soil 
and whether this level is maintained in the presence of an 
increase in microbial biomass. Mild salt solutions such as 
0.5 M K2SO4, are frequently used in fumigation-extraction 
assays of microbial biomass (Vance et al., 1987; Joergensen 
and Brookes, 1990); thus, the nonfumigated control samples for 
microbial biomass analysis is a convenient extract for soluble 
sugar analysis and a potentially useful complement to the 
microbial biomass assay. 
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MATERIALS AMD METHODS 
Surface soils (0-15 cm) were collected from the Iowa 
State University Agronomy Farm in central Iowa and from the 
Nashua Experiment Station in north central Iowa and maintained 
field moist at 5°C until time of use. Pertinent 
characteristics of the three soils are presented in Table 1. 
The effect of plant-residue amendments on levels of 
soluble ARC in soil was determined by placing 150 g of soil 
(oven-dry equivalent) in 1,000 ml French Square bottles and 
wetting the soils to 40% water holding capacity. Soils were 
then amended with 1 g sorghum (Sorahum bicolor L.) grain (C:N 
of 8.3:1) or soybean fGlvcine max L.) straw (C:N of 66:1) per 
kg dry soil. A third treatment consisted of 1 g soybean straw 
per kg soil plus 100 mg N kg~^ soil as glycine (net C:N of 
3.4:1). Three replicate bottles of each treatment were placed 
in a 30°C constant temperature room. Soil was subsampled from 
each bottle and analyzed for soluble ARC after 0, 5, 10, 20, 
and 30 days of incubation. Subsamples also were removed and 
analyzed for NH4, NO3, and microbial biomass C analysis after 
0, 10, and 30 days of incubation. 
A second study using cellulose as the amendment to soil 
was undertaken to demonstrate further the effect of N 
limitation on soluble ARC and to determine whether the levels 
of soluble ARC maintained in soil with plant residues 
amendments are simply those associated with remaining plant 
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matter. Floyd loam was amended with 2 g cellulose kg~^ soil, 
with 2 g cellulose plus 200 mg N as glycine or (NH4)2S04 kg~^ 
soil, or was unamended. Soils were brought to 40% water-
holding capacity and incubated at 30°C in a constant 
temperature chamber. Soil was subsampled from each bottle and 
analyzed for soluble ARC after 0, 5, 10, 20, and 30 days of 
incubation. Subsamples were also removed and analyzed for NH4 
and NO3 analysis after 5, 20, and 30 days of incubation. 
Soluble ARC was determined by placing 10 g of soil (oven-
dried equivalent) in a 100 ml French Square bottle and adding 
20 ml of 0.5 M K2SO4. Soils were shaken for 30 minutes and 
filtered through 1.2 jum glass fiber filters (Fischer G6, 
Fischer Scientific). The anthrone reagent was used to analyze 
the extracts colorimetrically against dextrose standards 
(Brink et al., 1960). 
Microbial biomass was determined using a modified 
fumigation-extraction method described by DeLuca and Keeney 
(1993b). Briefly, 20 g soil samples were placed in 100 ml 
French Square bottles and immediately extracted with 40 ml of 
2 M KCl or placed in a vacuum desiccator. A beaker containing 
25 ml of ethanol-stabilized chloroform was placed on the 
desiccator platform, and 100 ml of distilled H2O was poured 
onto paper towels that lined the floor of the desiccator. The 
desiccator was evacuated to -80 kPa to allow the CHCI3 to boil 
vigorously. After 2 minutes, the desiccator was sealed and 
104 
allowed to stand for 24 hours. After 24 hours, soils were 
removed from the desiccator and extracted with 40 ml of 2 M 
KCl. Soils were shaken for 30 minutes with 2 M KCl and 
filtered through 1.2 /im glass fiber filters. The soil 
extracts were diluted appropriately, mixed with fresh 
ninhydrin reagent (Moore, 1968), placed in a boiling water 
bath for 15 minutes, cooled to room temperature, and analyzed 
colorimetrically at 570 nm for total ninhydrin-reactive N 
against leucine standards. 
Inorganic N was determined by extracting 20 g of soil in 
40 ml of 2 M KCl (Keeney and Nelson, 1982) and analyzing the 
filtered extract colorimetrically via flow injection (Lachat 
QuickChem Method No. 12-107-06-2-A and 12-107-04-1-B). Total 
organic C was determined using the Walkley-Black method 
(Nelson and Sommers, 1982). Soil pH was determined in a 2:1 
0.01 M CaCl2 to soil suspension. Particle size distribution 
was determined by hydrometer (Gee and Bauder, 1986). 
Data were analyzed by analysis of variance with Isd 
values and standard error terms for mean separation using PC-
SAS (SAS Institute, Cary, NC). 
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RESULTS AND DISCUSSION 
Addition of the plant residues to each soil resulted in 
elevated concentrations of soluble ARC due to the free sugars 
associated with the plant residues (Figure 1). Figure 1 
presents the net increase in soluble ARC in soils amended with 
plant residues over soluble ARC in non-treated controls. 
Background levels of soluble ARC were quite consistent and 
averaged 4.1, 3.5, and 5.4 jixg ARC g~^ soil in the Floyd, 
Webster, and Clarion soils, respectively. With the exception 
of the sorghum-grain addition to the Clarion loam, the high N 
treatments of sorghum grain and soybean straw plus glycine 
maintained soluble ARC above the zero residue level of the 
control soils throughout the 30-day period. In the soybean 
straw only treatment the levels of soluble ARC declined to or 
below the zero residue level after 10 days of incubation, 
presumably as N became limiting. 
Microbial biomass as estimated by fumigation extraction 
increased following addition of plant residues to soil (Table 
2). After 30 days of incubation, the biomass levels began to 
decline in the grain-sorghum-treated soils. The soybean-
straw-treated soils demonstrated an initial increase in 
microbial biomass that remained elevated throughout the 3 0-day 
period although the levels of soluble ARC dropped below the 
levels of soluble ARC in the "zero residue" controls. At this 
time, there was still abundant visible soybean residue left in 
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the bottles, whereas, after 3 0 days, nearly all visible 
sorghum grain had disappeared. The relatively low level of 
microbial biomass in the soybean plus glycine treated Webster 
soil was likely an artifact of assaying biomass using the 
ninhydrin reagent, which reacts with free amino acids, 
polyamides, and NH4 (Amato and Ladd, 1988). The levels of 
soluble ninhydrin-reactive N in the glycine-treated Webster 
soil was high enough to eliminate the reliability of this 
assay of microbial biomass. 
Levels of inorganic N increased in all control soils 
during the incubation period (Table 3). The soybean-straw and 
sorghum-grain treatments resulted in net immobilization of N 
after 10 days of incubation, whereas the soybean straw plus 
glycine treatment demonstrated net mineralization throughout 
the 30-day period. By 30 days of incubation, the sorghum-
grain-treated soils exhibited net N mineralization, and the 
soils treated with soybean straw alone still exhibited 
negligible levels of extractable NO3 and NH4. 
There is no free sugar associated with cellulose; thus, 
the levels of soluble ARC in cellulose-treated soils are the 
same as those in the non-treated soils at the beginning of the 
experiment (Figure 2). Cellulose applied alone resulted in 
the rapid immobilization of available N (Table 4) and resulted 
in no net increase in soluble ARC. Cellulose applied with 
glycine or (0^4)2804 resulted in a net increase in soluble ARC 
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which lasted through the duration of the study. Nitrogen 
limitation appears to have controlled enzymatic activity, 
which in turn determined the level of soluble ARC in the soil. 
The low levels of NH4 and NO3 in the cellulose plus glycine or 
(NH4)2S04 treatments (Table 4) demonstrate that the increase 
in soluble ARC is not an artifact of NO3 interference with the 
anthrone reagent (Doutre et al., 1978). 
These findings suggest that the levels of soluble sugars 
in the soil are increased by addition of plant residues and 
that the levels do not return immediately to background levels 
once microbial activity increases. The elimination of 
elevated soluble ARC concentrations by N starvation verify 
that biological activity controls the levels of soluble ARC. 
Further work must be performed to determine the kinetics of 
this relationship between microbial activity and soluble 
sugars. 
Stevenson (1982) suggested that the anthrone method may 
provide a good index of the relative content of total 
carbohydrates in different soils or in soils under different 
management practices. Unfortunately, there are several 
compounds and ions that potentially interfere with the 
anthrone reagent limiting its value as a highly accurate 
estimate of total sugars in extracts or hydrolyzates (Brink et 
al., 1960; Doutre et al., 1978; Martens and Frankenberger, 
1990). Martens and Frankenberger (1990) conclude that the 
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anthrone reagent is an unreliable colorimetric reagent for 
water extractable sugars in soil and state a preference for 
the phenol reagent for sugar analysis (Dubois et al., 1956). 
Oades (1967), however, found the anthrone reagent to be 
preferable to the phenol method. 
Our investigation indicates that 0.5 M K2SO4 soluble ARC 
may serve as a rapid and simple assay of soluble substrate 
which is available for microbial use. Other colorimetric 
assays for sugars, such as the phenol method (Dubois et al., 
1956), may work similarly for analysis of soluble sugars. 
This is supported by Badalucco et al. (1992), who found a good 
correlation (r = 0.985, P < 0.0001) between 0.5 M K2SO4 
soluble ARC and 0.5 M K2SO4 soluble phenol reactive C. The 
use of 0.5 M K2SO4 extracts makes this a convenient measure of 
available substrate because many investigators prepare this 
extract for the nonfumigated control sample in fumigation-
extraction assays of microbial biomass (Vance et al., 1987; 
Joergensen and Brookes, 1990). The use of 0.5 M K2SO4 rather 
than water as a solvent results in an extract that is free of 
sediment and requires no centrifugation when filtered through 
1.2 /im glass fiber filters. 
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CONCLUSIONS 
Levels of soluble sugars measured as 0.5 M K2SO4 soluble 
ARC were elevated by the addition of plant residues to the 
soil. These levels immediately declined but remained greater 
than zero residue levels until N or available substrate became 
limiting. Cellulose applications increased levels of soluble 
ARC only in the presence of added N. These findings indicate 
that measures of soluble or free sugars in soil may be a 
useful index of substrate available for microbial use at any 
one time because they reflect both the free sugars associated 
with incorporated plant residues and the free sugars released 
by enzymatic degradation of larger plant and microbial 
compounds in soil. 
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Table 1. General physical and chemical soil characteristics. 
Soil 
Series Subgroup 
Clay Sand Organic C 
——g kg soil——————— pH 
Floyd^ Aquic Hapludolls 140 420 30.2 6.3 
Clarion^ Typic Hapludolls 180 510 21.9 6.2 
Webster^ Typic Haplaquolls 340 370 19.5 6.0 
a) Crop at time of collection was soybean fGlvcine max L.T 
b) Crop at time of collection was corn (Zea mays L.) 
Ill 
Floyd loam 
5 10 15 20 25 30 
Time (days) 
Figure 1. Net increase in soluble ARC (ARC in treated soil -
ARC in non-treated control) in soil incubated at 
30° C after adding 10 g of soybean straw (•), 
sorghum grain ( • ), or soybean straw plus 100 mg 
N as glycine (V) to one kg soil (vertical lines = 
mean standard error). Floyd loam. 
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Clarion loam 
1 0  1 5  
Time (days) 
Figure 1. (Continued); Clarion loam. 
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Webster clay loam 
5 10 15  
Time (days) 
Figure 1. (Continued); Webster clay loam. 
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Table 2. Microbial biomass (/ig 
30°C for 0, 10, or 30 
grain, soybean straw. 
g" ) in soils incubated at 
days after adding sorghum 
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Table 3. Ammonium and nitrate levels in soils incubated at 
3 0°C for 0, 10, or 3 0 days after adding sorghum 
grain, soybean straw, or soybean straw plus 
glycine. 
Soil 
Floyd Clarion Webster 
Treatment/Time NH4 NO3 NH4 NO3 NH4 NO3 
(days) 
Control 
1 1 1 1 1 1 
0 0.4 13.4 0.4 39.0 0.3 25.8 
10 0.4 21.1 0.3 39.6 0.4 36.8 
30 0.4 30.7 0.4 53.1 0.5 50.9 
LSD (P < 0.05) 0.2 3.9 0.4 7.7 0.4 10.6 
Sorghum grain 
0 0.9 11.8 1.1 39.1 0.9 26.9 
10 23.5 0.1 1.4 1.3 5.0 8.4 
30 0.6 48.0 0.6 51.0 0.8 56.2 
LSD (P < 0.05) 1.6 2.9 0.2 2.9 0.1 3.6 
Soybean straw 
0 0.9 12.3 1.10 40.3 0.9 27.7 
10 0.4 0.5 0.6 0.3 0.5 0.3 
30 1.1 1.4 0.4 0.2 0.5 0.2 
LSD (P < 0.05) 0.1 0.9 0.1 2.3 0.1 1.8 
Soybean straw + 
0 
glycine 
7.5 13.9 7.5 38.8 7.8 30.5 
10 3.2 74.7 0.1 74.2 55.6 76.5 
30 0.0 117.1 0.0 109.2 3.2 89.3 





Figure 2. Net increase in soluble ARC (ARC in treated soil -
ARC in nontreated control) in a Floyd loam after 
adding 2 g cellulose (•), 2 g cellulose plus 200 
mg N as glycine (•), or 2 g cellulose plus 200 mg 
N as (NH4)S04 (•) to 1 kg of soil (veritcal lines 
= mean standard error). 
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Table 4. Nitrate and amitionium levels { f i g  g" ) in a Floyd 
loam incubated at 30°C for 5, 20, and 30 days after 
treatment with cellulose or cellulose applied with 
N as (NH4)2S04 or glycine. 
Time 
(days) 
5 20 30 
Treatment NH4 NO3 NH4 NO3 NH4 NO3 
(/^g g~^) 
Control 0.8 21.4 0.3 37.3 0.0 44.4 
Celluose 1.2 0.8 0.3 0.2 0.1 0.3 
Celluose + NH4 10.5 6.3 0.5 0.5 0.1 0.4 
Cellulose + gly 1.1 0.7 0.5 0.7 0.5 0.4 
LSD (P < 0.05) 7.6 7.2 0.2 1.8 0.1 2 . 6 
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PAPER 5 
IN-8ITU CYCLING OF LABELLED NITRATE IN PAIRED PRAIRIE 
AND CULTIVATED SOILS 
122 
ABSTRACT 
Studies were undertaken to trace plant uptake and 
microbial transformation of applied NO3 on paired prairie and 
cultivated soils. Microplots (225 cm^) in paired prairie and 
cultivated soils were treated with 26 mg l^NOg-N (22.36 % atom 
. The KNO3 was applied as a fine mist to the soil 
surface. After 24 or 72 hr, plant tissue from three prairie 
and three cultivated microplots was removed and the soil was 
excavated to a depth of 15 cm. The surface 7.5 cm of soil was 
analyzed for microbial biomass, soluble amino-N, soluble 
anthrone reactive C, total Kjeldahl N, and atom% in total 
Kjeldahl N (including NO3), NH4, and NO3. The subsurface 
soil, plant roots, and plant shoots were analyzed for total 
Kjeldahl N and atom% Approximately 77 percent of the 
applied ^^N-N03 remained as NO3 after 72 hr in the cultivated 
soil, whereas NO3 accounted for only 30 percent of the applied 
^®N-N03 in the prairie soil after 72 hr. At 24 hr organic N 
accounted for the greatest percent of immobilized NO3 in 
prairie soils but by 72 hr plant roots contained the greatest 
percent of the immobilized NO3. Organic N contained the 
largest fraction of immobilized NO3 in the cultivated soils at 
both 24 and 72 hr. Soluble sugars do not appear to limit 
microbial assimilation of NO3 in prairie soils, but may be 
limiting in cultivated soils after 24 hr of incubation. 
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INTRODUCTION 
Little inorganic N accumulates in the upper horizon of 
prairie or grassland soils, although N is continuously 
mineralized and immobilized (Woodmansee et al., 1981). 
Nitrification was found to account for approximately one third 
of all N mineralization in a Californian grassland, but little 
NO3 ever accumulates in the soil (Schimel et al., 1989). 
Short-term isotope pool dilution studies in intact-
transplanted grassland soil cores have been used to 
demonstrate that gross nitrification rates in grassland soils 
are greater than net nitrification rates, and that the NO3 
that is formed is primarily being rapidly immobilized by 
microorganisms (Schimel et al., 1989; Davidson et al., 1990). 
While early studies indicated that plants accounted for 
immobilization of applied and mineralized NO3 (Clark, 1977), 
recent short-term N partitioning studies have demonstrated 
that microorganisms compete effectively with plants for 
available NO3 and NH4 (Jackson et al., 1989). Schimel (1986) 
studied net N mineralization and immobilization of applied NO3 
and NH4 in paired prairie and cultivated soils and found 
cultivated soils to have insufficient available C for 
immobilization of NO3, whereas grassland soils had sufficient 
available C. Schimel (1986) suggested that the prairie soils 
had a greater quantity and quality of organic matter than 
corresponding cultivated soils. DeLuca and Keeney (1993) have 
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suggested that soluble sugars and amino-N partly represent 
organic matter quality with respect to N cycling. 
Plants and microorganisms of native grassland, forest, 
and prairie soils are highly efficient in the recycling of 
NO3. To date, studies concerning short-term recycling of NO3 
in prairie ecosystems or paired prairie and cultivated soils 
have either been conducted in the laboratory (Schimel, 1986) 
or in "undisturbed" soil cores (Schimel et al., 1989; Davidson 
et al., 1990). These studies have proved extremely valuable; 
however, soils moved to the laboratory are actually highly 
disturbed. It is not clear whether the disturbance caused in 
the removal of soil cores would be sufficient to alter the 
natural cycling of N in soil, but it is likely to affect 
microbial numbers. 
No short-term studies have compared in-situ NO3 
partitioning between plants and microorganisms in paired 
prairie and cultivated soils. This study was undertaken to 
evaluate differences in NO3 partitioning in soils of two 100 
year-old prairie remnants paired with soils of conventionally 
managed corn-soybean culture. We also observed changes in 
microbial biomass C, and levels of soluble sugars and soluble 
amino-N to determine whether they would be affected by the NO3 
application and whether they play a role in short-term 
recycling of NO3. 
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MATERIALS AND METHODS 
Two paired prairie and cultivated sites described by 
DeLuca and Keeney (1993a) were selected based on prior 
investigations of the organic matter quality. Two Canisteo 
clay loam (Typic Haplaquolls) sites were chosen (Table 1). 
Dominant vegetation was Kentucky bluegrass (Poa pratenis L.), 
showy sunflower (Helianthus laetiflorus var. riaidus Martens), 
prairie cordgrass (Spartina pectinata Link), smooth bromegrass 
(Bromus inermis Leyss), and Scribners panicum (Panicum 
oliqosanthes Schult. var. scribnerianum). All cultivated 
soils were planted to soybean (Glycine max). 
In August of 1992, 12 individual micro-plots (15 X 15 cm) 
were laid out in paired prairie and cultivated soils at each 
site with six plots placed in a completely randomized design 
in either prairie or cultivated soil. Cultivated soil 
microplots were set immediately adjacent to the crop row. 
Three replicate composite soil samples, as described by DeLuca 
and Keeney (1993a) were taken within the sampling area at each 
site. Studies were performed over a 4-day period when no rain 
was forecasted to avoid leaching of applied NO3. There was no 
rainfall during the experiments at either site. 
Surface detritus was cleared from the soil surface of 
each plot. A total of 26 mg ^^NOg-N (22.34 atom% ^^N) was 
applied to the surface of each 225 cm^ plot as KNO3. The KNO3 
was dissolved in 18 ml of H2O and applied by a fine mist to 
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the soil surface using an atomizer attached to a modified 
conical graduated cylinder, with care taken not to concentrate 
solution in one area or apply it directly to plant residues. 
The solution was then rinsed into the soil with 20 ml H2O 
applied with the atomizer-graduated cylinder apparatus. 
The microplots (0 - 15 cm deep) were removed for analysis 
after either 24 or 72 hr incubation. Before removal, the 
plant tissue was clipped from each plot and an additional 5 cm 
border and placed in a paper bag. The microplot and an 
additional 2.5 cm border was excavated to a depth of 7.5 cm 
and placed in a bag. Soil from a depth of 7.5 cm to 15 cm 
(with the 2.5 cm border) was then removed and taken to lab in 
insulated containers to minimize soil temperature fluctuation. 
Soils were immediately subsampled and assayed for 
gravimetric moisture content. A representative root subsample 
was removed from the surface 7.5 cm sample of each plot and 
brushed clean of soil. The soil was then mixed thoroughly and 
one-half of the 0 - 7.5 cm sample and all of the 7.5 - 15 cm 
sample was air dried and ground to pass a 200-mesh screen. 
Plant shoot and root tissue samples were dried at 70°C and 
ground to pass a 2-mm screen. 
A 25-g subsample of fresh soil from the 0 - 7.5 cm 
portion of each plot was immediately extracted in 50 ml of 0.5 
M K2SO4 for soluble ARC analysis. A second 20-g subsample was 
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extracted in 100 ml of 2 M KCl for analysis of NH4, NO3, and 
amino-N. 
Air-dried soil, root tissue, and plant tissue were 
analyzed for total Kjeldahl N (including NO3), and total 
Kjeldahl atom% (Bremner and Mulvaney, 1982). Ammonium and 
NO3 were determined by using steam distillation with NO3 
reduction using Devarda's alloy (Keeney and Nelson, 1982). A 
double distillation procedure was used in the preparation of 
the inorganic N samples; the distillate of one sample was 
caught in boric acid indicator and analyzed by titration for 
NH4 and NO3. The second sample was caught in 3 ml of 0.8 M 
H2SO4, heated to reduce the volume to 1 ml and analyzed for N 
isotope ratios using a mass spectrometer (Mulvaney, 1993) . 
All mass spectrometry reported in this paper was performed by 
N-15 Analysis Service, University of Illinois (Urbana, IL). 
The 0.5 M K2SO4 soil extracts were filtered through 1.2 
jum glass fiber filters and analyzed for soluble sugars by 
reaction with the anthrone reagent (DeLuca and Keeney, 1993a). 
Amino-N was determined by reacting the 2 M KCl extracts with 
the ninhydrin reagent (Moore, 1968) and subtracting the 
concentration of NH4 from the resulting total ninhydrin value. 
Total C was analyzed by the Walkley-Black method (Nelson and 
Sommers, 1982). Microbial biomass was determined by 
fumigation extraction and reaction of the extracts with 
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ninhydrin (DeLuca and Keeney, 1993b). initial concentrations 
of total Kjeldahl N, NO3, and NH4 are given in Table 2. 
Net NO3 consumption was determined as the total quantity 
of label appearing in both the NH4 fraction and that in 
the Kjeldahl minus inorganic N fraction. The levels of short-
term NO3 immobilization were related to the concentration of 
soluble ARC to determine whether the levels of soluble sugars 
in soil account for the fate of applied NO3. 
All data were analyzed using a paired t-test and analysis 
of variance for repeated measures to determine effect of time 
using PC-SAS (SAS Institute Gary, NC). 
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RESULTS AND DISCUSSION 
Nitrate was more rapidly immobilized in prairie soils 
than cultivated soils over a 72 hr period (Table 3). 
Microorganisms in prairie soils had incorporated the majority 
of applied NO3 into the organic N fraction after 24 hr, but by 
72 hr the largest sink for NO3 in the prairie soils was plant 
root tissue. In cultivated soils the largest portion of the 
applied NO3 was found in the organic fraction at 2.4 and 72 hr 
and the magnitude of incorporation was not significantly 
different from the prairie soils. Our findings in the prairie 
soils were similar to those of Jackson et al. (1989) showed 
that within a 24-hr period, microorganisms compete better than 
plants for applied NO3. However, we found that after 72 hr 
plants had taken up as much or more NO3 than did the 
microorganisms in the prairie soils. 
The root mass in the surface 7.5 cm of prairie plots was 
far more dense than that in the cultivated soybean plots, 
therefore the potential for plant immobilization of NO3 was 
much greater in the prairie soils. In this study, plant roots 
were not washed, to avoid leaching of any free NO3 within the 
root. This approach, however, likely allowed rhizosphere 
microorganisms, free NO3, and soil organic matter containing 
to remain on the exterior of the root. This likely 
influenced the observed three-fold greater concentration of 
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applied in the roots as compared to the plant shoots both 
at 24 and 72 hr (Table 3). 
The NH4 pool in prairie soils at both sites contained a 
measurable percentage of the applied at 24 and 72 hr 
(Table 3). Only a small fraction was found in the NH4 pool of 
one of the cultivated sites at 24 hr, and it did not increase 
during the study period (Table 3). This suggests that this 
portion of the applied NO3 was either being subject to rapid 
microbial immobilization and mineralization (Jansson and 
Persson, 1982) or to dissimilatory nitrate reduction (Paul and 
Clark, 1989). 
Between 75 and 90 percent of the applied to 
cultivated soils remained in the NO3 form after 72 hr, whereas 
only 22 to 30 percent of the applied NO3 remained in the NO3 
form in the prairie soils during this same time period (Table 
3) . This demonstrates the ability of the prairie soil and 
prairie plants to rapidly assimilate NO3. 
The organic pool of N in the prairie soils on the average 
contained approximately 20 percent of the applied after 72 
hr, whereas the organic N pool in the cultivated soils 
contained about 10 percent of the applied (Table 3). 
These differences, however, were not significant primarily due 
to the variability associated with measuring 10-20 percent 
of a 5 mg addition of in a 5 - 10 g pool of organic N. To 
assess the microbial assimilation of applied Hosier and 
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Schimel (1993) have suggested the use of CHCI3 fumigation and 
extraction and analysis of the released N fraction by steam 
distillation. Though this approach would be less subject to 
variation compared to total Kjeldahl N minus inorganic N, the 
fumigation approach would also lyse an arbitrary portion of 
fine roots left in the soil, thus giving a spurious estimate 
of microbial assimilation of N (Mueller et al., 1992). 
Levels of soluble ARC (as a measure of sugars), microbial 
biomass, and soluble amino-N are presented in Table 4. 
Microbial biomass did not consistently increase following 
application of NO3, which suggests that microorganisms in 
prairie and cultivated soils were not particularly starved for 
a source of N. There does not appear to be any consistent 
trend in change in soluble ARC or amino-N following 
application of NO3 to prairie or cultivated soils. 
Soluble ARCiNOg-N levels declined greatly following 
application of NO3 to the microplots (Table 4). This ratio 
did not recover in either the prairie or the cultivated soils 
within a 72-hr period. The ARC:N03-N remained in excess of 
0.6 in the prairie soils. An ARC:N03-N ratio of 0.6 or 
greater ratio was described by DeLuca and Keeney (1993) as the 
thermodynamic breaking point below which there is insufficient 
sugar to allow for immobilization of NO3. 
The results clearly demonstrate the rapid dissipation of 
the labelled NO3 in the prairie soil to plant, organic, and 
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NH4 pools and little uptake or transformation of NO3 in the 
cultivated soils. Only one to two percent of the was 
found in the lower 7.5 cm of the microplot soil, demonstrating 
that most of the applied NO3 had not undergone significant 
leaching in either system. 
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CONCLUSIONS 
Plant and microbial NO3 assimilation accounted for over 
40 percent of the applied ^®N03 in the prairie soils, whereas 
plants and microorganisms assimilated only 20 percent of the 
applied NO3 in the cultivated soils. Microorganisms in both 
prairie and cultivated soils appeared to compete well for 
applied NO3 within the first 24 hr; however, by 72 hr, plant 
uptake accounted for the majority of the applied in the 
prairie soils. 
The application of NO3 to the prairie soils did not 
result in an increase in microbial biomass. This implies that 
the microorganisms in this ecosystem were not starved for a 
source of N. Approximately 75 to 80 percent of the ^^N03 
applied to the cultivated soils remained in the NO3 form at 
the end of 72 hr, whereas only 30 percent remained in the NO3 
form in the prairie soils. This demonstrates how rapidly 
excess NO3 is eliminated in the prairie ecosystem. Soluble 
sugars in prairie soils never appeared to drop to a level that 
would not allow for microbial assimilation of NO3. 
It should be noted that the Canisteo is an excellent soil 
under prairie or cultivation. Further studies need to be 
conducted on poorer soils lower in soil organic matter and pH. 
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Table 1. General soil properties and initial moisture content. 
Site Moisture Sand Silt Clay pH 
g kg-1 
Canisteo^ 1 C^ 290 400 380 220 7.4 
P 465 580 260 160 7.2 
Canisteo 2 C 250 270 370 360 7.3 
P 410 250 350 400 7.1 
a) Typic Haplaquolls. 
b) C = Crop, P= Prairie 
Table 2. Initital concentration of total Kjeldahl N, NH4, 
and NO3 in the surface 7.5 cm of soil at two field 
sites. 
Site Cover Total 
Kjeldahl N NH4 
—Mg g — 
NO 3 
Canisteo 1^ Crop 3603 0.7 2 . 0  
Prairie 5693 2.7 0 . 5  
t-test ** * ns 
Canisteo 2 Crop 3225 1.2 1 . 8  
Prairie 5412 4.1  1 . 3  
t-test ** ns * 
a) Paired t-test; ns, * and ** indicate not significant 
or significant mean separation at 0.05 and 0.01, respectively. 
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Table 3. Percent of N recovered in various N pools 24 and 
72 hr following application of 26.32 mg of N as 
KNO3 to 225 cm^ prairie and cultivated microplots. 
Soil/Time Organic Plant Root 
N NH4-N NO3-N N N 
— % 
canisteo l 
C 24 hr 7.6 0.0 72.4 3.1 2.4 
P 24 hr 18.5 0.4 46.7 4.2 12.9 
t-test^ ns ** ns ns ** 
C 72 hr 13.7 0.0 74.8 6.6 1.4 
P 72 hr 20.4 0.9 29.6 7.7 24.2 
t-test ns * ** ns ** 
Time LSD 
c 17.1 0.0 24.7 5.9 2.2 
p 20.1 0.9 32.0 5.3 6.4 
Canisteo 2 
C 24 hr 14.1 0.3 88.1 2.1 1.5 
P 24 hr 22.0 1.4 49.6 4.5 14.1 
t-test ns ** * ns ** 
C 72 hr 5.4 0.3 82.5 3.1 3 . 0 
P 72 hr 15.0 1.9 22.4 9.5 32.4 
t-test ns * ** ns * 
Time LSD 
C 42.0 0.3 37.0 2.2 1.4 
P 38.7 1.5 23.7 8.4 23.4 
a) Paired t-test; ns, * and ** indicate not significant 
or significant mean separation at 0.05 and 0.01, respectively. 
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Table 4. Soluble ARC, microbial biomass C, and soluble 
amino-N in prairie and cultivated Canisteo soils 
following application of 26.32 mg N as KNO3 to 225 
cm^ microplots. 
Soil/Time Soluble Biomass Soluble ARC; 
ARC C Amino-N NO3-N 
Mg g"^ 
Canisteo 1 
C 0 hr 3.6 479 0.15 2 . 3 
P 0 hr 7.2 1,163 1.94 13.7 
t-test^ ** ** ** ** 
C 24 hr 4.6 545 0.42 0.4 
P 24 hr 7.6 1,865 2.15 0.9 
t-test ** ** ** * 
C 72 hr 4.9 540 0.50 0.6 
P 72 hr 7.1 1,495 2.16 0.9 
t-test ** ** ** ns 
Time LSD 
C 0.64 94 0.34 1.4 
P 1.55 538 1.13 2.3 
Canisteo 2 
C 0 hr 3.0 383 0.18 1.6 
P 0 hr 7.9 1,500 1.25 5.9 
t-test ** * ns ** 
C 24 hr 3.7 376 0.21 0.3 
P 24 hr 8.0 1,370 1.09 1.0 
t-test ns ** ns * 
C 72 hr 4.3 319 0.66 0.6 
P 72 hr 8.1 1,593 2.97 1.5 
t-test * * ns * 
Time LSD 
c 1.39 91 0.35 0.5 
p 4.60 576 2.37 1.8 
a) Paired t-test; ns, * and ** indicate not significant 
or significant mean separation at 0.05 and 0.01 respectively. 
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GLUCOSE-INDUCED NITRATE ASSIMILATION IN PRAIRIE 
AND CULTIVATED SOILS 
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ABSTRACT 
Native prairie and grassland soils are known to 
accumulate little inorganic N, but NO3 is constantly being 
formed and re-immobilized. This suggests that microorganisms 
in prairie soils are highly efficient in the assimilation of 
NO3 and regularly have the assimilatory NO3 reductase (ANR) 
enzyme in an induced and active state. Aerated slurries and 
static systems prepared from prairie and cultivated soils 
amended with glucose and NO3 were observed for change in NO3 
concentration with time. Nitrate assimilation occurred more 
rapidly in cultivated soils than in prairie soils from the 
same soil map unit. This efficiency could not be transferred 
via inoculation from cultivated soil to prairie soil. Prairie 
soils have greater concentrations of readily hydrolyzed amino 
acids and soluble amino-N than corresponding cultivated soils. 
It is known that addition of glucose and NO3 to soils results 
in a release of free amino acids. It is possible that the 
relative quantity of amino acids released upon incubation with 




It is well established that native or established 
grassland soils accumulate little inorganic N, although NO3 is 
consistently being formed and re-immobilized (Woodmansee et 
al., 1981). Nitrification has been found to account for about 
one third of total mineralization in a grassland soil where 
there is little or no nitrate accumulation (Schimel et al., 
1989). This relatively high activity of nitrifying bacteria 
in grassland soils has been confirmed in other studies 
(Davidson et al., 1990; Both et al., 1992). 
It has been suggested that the lack of nitrate 
accumulation in prairie or grassland soils is a function of 
plant uptake (Clark, 1977) and microbial immobilization of NO3 
(Schimel et al., 1989; Davidson et al., 1990). However, 
microbes have been shown to out-compete plants for NO3 in 
aerobic short-term studies with grassland soils (Jackson et 
al., 1989). This implies that microorganisms must be 
assimilating NO3, because there is little denitrification in 
prairie soils (Goodroad and Keeney, 1984). 
Studies have clearly shown that soil microorganisms 
preferentially assimilate NH4 over NO3 and assimilate little 
NO3 in the presence of NH4 or several amino acids (Rice and 
Tiedje, 1989; McCarty and Bremner, 1992). Rice and Tiedje 
(1989) present a critical level of 0.1 nq NH4-N g~^ soil below 
which NO3 is readily assimilated. It is thus suggested that 
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NO] assimilation in soil will only occur in microsites where 
NH4 has been exhausted by microbial activity (Rice and Tiedje, 
1989; Davidson et al., 1990). 
Microbial assimilation of NO3 requires the presence of 
sufficient energy as C to reduce NO3 to NH4 prior to 
incorporation of inorganic N into amino acids via the 
glutamine sythetase pathway. Laboratory studies using paired 
grassland and cultivated soils have demonstrated net NO3 
immobilization to occur only in the grassland soils because of 
the high quality of organic matter in the grassland soil 
(Schimel, 1986). Field studies have also found prairie soils 
to have greater concentrations of soluble sugars and soluble 
amino-N than their cultivated counterparts (DeLuca and Keeney, 
1993) . 
The above findings suggest that ANR activity would be 
high in NH^-depleted microsites of prairie or grassland soils. 
Cultivated soils that accumulate NO3 and lack sufficient C to 
allow for microbial assimilation of NO3 would not normally 
have the NO3 reductase enzyme induced, and should thus be less 
efficient at reducing NO3 than their prairie counterparts. 
The objectives of this study were to observe the rate of 
glucose-induced assimilatory NO3 reduction in prairie and 
cultivated soils from the same soil map unit and to determine 
possible constraints on NO3 reduction beyond C limitation or 
inhibitory concentrations of NH4. 
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MATERIALS AND METHODS 
Soils were collected from paired prairie and cultivated 
sites in central Iowa previously described by DeLuca and 
Keeney (1993). All soils were sieved through a 2 mm mesh and 
stored at 5°C until time of use (Table 1). 
Assimilatory NO3 reduction studies in aerated soil slurry 
were performed as described by McCarty and Bremner (1992) . To 
induce the nitrate reductase enzyme and assimilate pre­
existing NH4 prior to initiation of the study, field moist 10 
g (oven dried equivalent) soil samples were treated with 25 mg 
of C as glucose and 1.8 mg N as KNO3, brought to 60% water 
holding capacity, and then incubated at 3 0°C for 16 hr. Soils 
were then treated with 5.0 mg C as glucose and 0.6 mg N as 
KNO3, and shaken with 30 ml of distilled deionized water to 
obtain the soil slurries reported in this study. 
The aerated soil slurries were continuously monitored for 
levels of NO3 by using a NO3 sensitive electrode. The above 
soil slurries were treated with 14 mg of K2SO4 (to adjust 
ionic strength), placed on magnetic stir plates, maintained at 
30°C in a constant temperature chamber, and aerated by 
bubbling with a stream of air. A NO3 electrode (Orion model 
93-07) coupled with a double-junction reference electrode 
(Orion model 90-02) containing 0.4 M K2SO4 outer filling 
solution was placed into each slurry. The millivolt output 
was then continuously charted with a pen recorder connected to 
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the electrode meter. To determine whether cross inoculation of 
soils would increase or decrease the rate of NO3 reduction, 9 
g (oven dried equivalent) of one soil was amended with 1 g of 
an opposing soil. 
Nitrate assimilation over longer periods of time in the 
presence of soil microsites was monitored by placing 10 g 
(oven dried equivalent) soil samples in 250 ml French square 
bottles, treating soils 25 mg C as glucose and 1.8 mg N as 
KNO3, wetting soils to 60% water holding capacity, and 
incubating the soils at 30°C for 8 days. After 0, 1, or 4 
days of incubation, 50 ml of 2M KCl were added to each sample, 
which was then shaken for 1-hr. Suspensions were filtered 
through Whatman number 5 filter papers and analyzed for NH4 
and NO3 with a flow injection auto analyzer (Lachat QuickChem 
Method No. 12-107-06-2-A and 12-107-0401B, Milwaukee, WI). 
Amino acids that are readily hydrolyzed were assayed by 
placing 3 g of 100 mesh sieved oven dried soil in a long 
Kjeldahl tube and adding 2 drops of octyl alcohol and 20 ml 1 
N HCl. The tubes were then heated to 125°C for 1 hr. The 
soil hydrolysate was filtered through Whatman number 42 filter 
paper and the pH of the filtrate was slowly adjusted to 5.0 by 
using 1 N NaOH. The filtrate was then quantitatively 
transferred to a 100 ml volumetric flask and brought to 
volume. The hydrolysate was then analyzed for total amino 
acids (Stevenson, 1982a). 
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Total Kjeldahl N was determined by using a semi-micro 
Kjeldahl method (Bremner and Breitenbeck, 1983). Total C in 
soils was determined by the Walkley-Black method (Nelson and 
Sommers y 1982). Particle size distribution was determined by 
hydrometer (Gee and Bauder, 1986). 
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RESULTS AND DISCUSSION 
Nitrate reduction occurred readily in the cultivated 
soils, but appeared to be greatly inhibited in the prairie 
soils (Fig. 1). The average rate of NO3 assimilation across 
all three soil types was 13.8 (+/-1.8) /ig NO3 hr~^ in 
cultivated soils and 3.24 (+/-0.12) jug NO3 hr~^ in prairie 
soils. The low level of assimilatory nitrate reductase (ANR) 
activity in the prairie soils continued throughout the 
duration of the experiments with no observed increase in the 
rate of NO3 reduction. Ammonium was generally at undetectable 
levels in all soils at the end of the slurry experiments. 
The pre-incubation of soils with glucose and KNP3 to 
induce the NO3 reductase enzyme generally resulted in the 
complete reduction of NO3 present in the cultivated soils, 
whereas much of the original NO3 applied to the prairie soil 
remained (Fig. 1). This suggests that the lack of NO3 
reduction in prairie soils in the soil slurry study was not 
due to a missed log phase of bacterial growth on glucose and 
NO3. 
Static treatment of the prairie and cultivated soils 
resulted in the immobilization of most of the applied KNO3 
after 1-day of incubation in the cultivated soils and after 4-
days of incubation in prairie soils (Table 2). This 
demonstrates that even in the presence of soil microsites, ANR 
activity (induced by glucose) occurs more slowly in prairie 
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soils than in cultivated counterparts. The levels of NH4 
observed in both prairie and cultivated soils were generally 
between 0.5 and 1.0 /ng g"^, which are in excess of the 
critical level for ANR inhibition described by Rice and Tiedje 
(1989). This suggests that NO3 assimilation in the static 
soils is primarily taking place in soil microsites. 
Inoculation of prairie soil with cultivated soil did not 
significantly affect the rate of nitrate assimilation in the 
prairie soils. This suggests that the property that is 
inhibiting NO3 assimilation in prairie soils is not due to a 
lack of ANR active organisms in the species composition of the 
prairie soil microbial population, but rather a physical or 
chemical inhibition of ANR in the prairie soil. 
Extensive nitrification or immobilization of NH4 results 
in the release of fixed NH4 in clay lattices (Drury and 
Beauchamp, 1991). A release of fixed NH4 following glucose-
induced immobilization of all exchangeable NH4 would also 
inhibit nitrate assimilation. However, NH4 levels in prairie 
soils treated with glucose and KNO3 were not significantly 
different from NH4 levels in cultivated soils (data not 
shown). 
Several amino acids are known inhibitors of ANR activity 
in soil (Rice and Tiedje, 1989; McCarty and Bremner, 1992). 
It is possible that proteolytic activity resulting in the 
release of free amino acids inhibited ANR. Peptidase activity 
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in soil has been found to increase immediately following 
treatment of soils with glucose and NO3", and after 32 hr 
there was an increase in non-specific proteinase activity 
(Ladd and Paul, 1973). Additionally, soils treated with 
glucose and NO3" have been found to release a significant 
amount of free amino acids (Putnam and Schmidt, 1958; Paul and 
Schmidt, 1961). If the addition of glucose and KNO3 to soils 
induced peptidase activity that in turn caused a release of 
amino acids, then the resultant increase in free amino acids 
would likely inhibit ANR. 
To determine the relative level of readily hydrolyzable 
amino acids in prairie and cultivated soils, we used a short-
term mild acid hydrolysis procedure. The prairie soils used 
in this study had greater concentrations of readily hydrolyzed 
amino acids, soluble amino-N, and total Kjeldahl N than 
cultivated soils (Table 3). The pool of soluble amino-N is 
likely the equilibrium product of microbial degradation of 
proteins and subsequent uptake (Stevenson, 1982b). It is 
likely that prairie soils have greater concentrations of 
polypeptide N (that are easily attacked by microbial enzymes) 
than corresponding cultivated soils. 
When soil microorganisms are presented with glucose and 
NO3 (an energy consumptive N source) they may pursue an 
alternative source of N by releasing peptidases and proteases. 
Such an effect would be analogous to the priming effect in a 
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soil with a large available C pool. Under natural conditions 
the cultivated soils used in this study accumulate NO3 and 
appear to lack sufficient metabolic C for microorganisms to 
assimilate ambient NO3 (DeLuca and Keeney, 1993). 
Soil microorganisms from prairie or cultivated soils 
probably release similar peptidases, but the prairie soil 
microorganisms have a larger, more accessible pool of N from 
which to release free amino acids. This suggests that the 
internal N cycle of the prairie ecosystem may partly avoid 
potential losses of mineral N to the environment by direct 
assimilation of amino acids liberated from soil organic 
matter, root detritus, and fresh root exudates. The rate of 
NO3 assimilation would likely be greatest in soil microsites 
depleted of NH4 and readily hydrolyzed amino acids. Further 
work is required to determine if soil microorganisms, in fact, 
produce peptidases to liberate amino acids in preference to 
assimilation of NO3 when presented with an energy source. 
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Table 1. General soil properties 
Total 






































a) Kossuth = Typic Haplaquolls. 
b) Clarion = Typic Hapludolls. 




48 96 144 
Time (minutes) 
192 
Figure 1. Change in nitrate concentration with time in 
paired prairie and cultivated soil slurries 











Figure 1 (Continued). Canisteo. 
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Table 2. Nitrate concentrations in three prairie and 
cultivated soils untreated or treated with glucose 
and KNO3 and incubated at 30°C for 0, l, and 4 
days. 
Soil/ Cultivated Prairie 
Time Control Treated Control Treated 
(day) nq g"^ 
Kossuth 
0 17.0 69.0 3.8 45.0 
1 18.0 1.9 4.6 12.8 
4 18.6 1.4 5.8 1.2 
Isd (P < 0.05) within columns = 2.9 for NO3 
Clarion 
0 21.3 56.0 12.3 52.5 
1 20.1 0.8 14.5 17.5 
4 18.3 1.2 18.5 1.5 
Isd (P < 0.05) within columns = 1.4 for NO3 
Canisteo 
0 17.7 69.0 25.0 82.5 
1 19.3 0.7 27.6 29.2 
4 20.4 1.1 31.2 15.7 
Isd (P < 0.05) within columns = 1.8 for NO3 
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Table 3. Soluble amino-N, readily hydrolyzed amino acids, 
and total N in Kossuth, Clarion, and Canisteo 
prairie and cultivated soils. 
Soluble^ Hydrolyzed^ Total 
Soil Land Use Amino-N Amino Acids Kjeldahl N 
Kossuth Cultivated 0.55 162.0 3,033 
Prairie 1.28 208.3 3,667 
t-test **c ** ** 
Clarion Cultivated 0.14 169.7 2,900 
Prairie 0.69 217.7 3,733 
t-test * ** ** 
Canisteo Cultivated 0.36 137.0 2,933 
Prairie 0.59 207.0 4,367 
t-test * ** ** 
a) Soil amino-N soluble in 2 M KCl extracts. 
b) Soils hydrolyzed by heating soils to 125°C in 1 N HCl 
for 1 hr. 
c) *, ** demonstrates significant mean separation at P < 
0.05 and P < 0.01, respectively. 
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In this dissertation I have attempted to evaluate the 
state of the nitrogen cycle in soils of conventionally 
cultivated lands in central Iowa by studying them in paired 
comparison with soils of virgin or well-established prairies. 
The internal N cycle of prairie soils is highly efficient with 
minimal N loss to the environment. In contrast, cultivated 
soils potentially have large losses of N to leaching or 
denitrification. This results in greater input costs for 
farmers and greater potential for pollution of water resources 
and the atmosphere. Nitrate is formed in both prairie and 
cultivated soils, but NO3 does not accumulate in the prairie 
soil because of rapid plant and microbial uptake of NO3. 
Microbial assimilation of NO3 requires the presence of 
sufficient energy in the form of C compounds; however, there 
is little known regarding available C in soils. 
The investigations presented in this dissertation 
demonstrate the stark contrast between cultivated and prairie 
soils with regard to soluble organics, microbial biomass, 
total C and N, and the ability of microorganisms to assimilate 
NO3. 
Prairie soils consistently have higher levels of total C, 
total Kjeldahl N, and microbial biomass C than cultivated 
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soils. Prairie soils generally had greater levels of soluble 
sugars (measured as 0.5 M K2SO4 soluble anthrone reactive C 
[ARC]) than did cultivated soils, and prairie soils appeared 
to accumulate less NO3 than cultivated soils. It is possible 
that the levels of soluble sugars present in the prairie soils 
reflect the ability of prairie soils to assimilate NO3. This 
was in part demonstrated by soluble ARCiNOg-N ratios. These 
ratios indicate that there are sufficient sugars present in 
the prairie soils to allow NO3 assimilation to occur, whereas 
cultivated soils generally lack sufficient energy as sugars to 
account for assimilation of ambient NO3. 
Soluble sugars and amino-N in prairie soils remained at 
greater concentrations and underwent greater seasonal 
fluctuations than in the corresponding cultivated soils. 
Microbial biomass of all soils was greatest in spring just 
following thaw. This increase appeared to correspond to an 
increase in NO3 in cultivated soils and in NH4 in two of the 
three prairie soils. During this period of increased 
microbial activity, amino-N declined to undetectable levels. 
Laboratory studies corroborate the increased mineralization 
following thaw (Paper 3) and decrease in amino-N (Appendix A). 
Soluble sugars were related to available C and to 
microbial activity in soil. The level of soluble ARC in soil 
increased immediately following application of residues as a 
result of the soluble sugars associated with plant residues. 
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Soluble ARC declined rapidly with increased microbial 
activity, but remained greater than zero residue levels until 
N or available substrate became limiting. Cellulose 
applications to soil increased levels of soluble ARC only in 
the presence of added N. 
These findings indicate that soluble or free sugars in 
soil may be a useful index of substrate readily available for 
microbial use, because they reflect both the free sugars 
associated with incorporated plant residues and the free 
sugars released by enzymatic degradation of plant and 
microbial compounds in soil. 
Nitrate assimilation in prairie and cultivated soils was 
investigated both under natural conditions and in the presence 
of an exogenous energy source. I traced the fate of applied 
NO3 in undisturbed soil microplots by using ^^N-N03. Plants 
and microorganisms in prairie soils rapidly assimilated 
applied NO3. Thirty percent of the applied NO3 remained at 
the end of 72 hr in the prairie soils. In contrast, over 75 
percent of the NO3 applied to the cultivated soil remained as 
NO3 after 72 hr. Microbial assimilation of NO3 in the prairie 
soils accounted for a largest percent of the immobilized 
after 24 hr, whereas root mass in the prairie soils contained 
the greatest portion of the immobilized ^^N03 after 72 hr. 
There appeared to be some dissimilatory NO3 reduction in 
the prairie soils. One day following application of ^^N03 to 
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prairie soils, appeared in the NH4 pool and was maintained 
through the 72 hr period. Very little or no was detected 
in the NH4 pool of the cultivated soils. 
Microbial activity did not significantly increase in the 
prairie soils following application of NO3, suggesting that 
the microbial populations were not "starved" for a N source, 
such as NO3, that requires a significant consumption of 
energy. 
Levels of soluble sugars were not affected by the 
application of NO3 to prairie soils. Although only about 30 
percent of labelled N remained as NO3 in the prairie soils 
after 72 hr, the soluble ARC:N03-N levels had not returned to 
their pre-N03 application state by this time. The ARC:N03-N 
levels in cultivated soils remained below 0.6 (see paper 2) 
following application of NO3. 
Laboratory investigations of NO3 assimilation in the 
presence of added glucose demonstrated that NO3 was more 
readily assimilated in cultivated soils than in prairie soils. 
It is known that several free amino acids inhibit assimilatory 
nitrate reductase in microorganisms. Studies have also found 
that additions of glucose and NO3 to soil increase peptidase 
and proteinase activity and result in a release of free amino 
acids. I hypothesize that microorganisms release proteolytic 
enzymes upon the application of glucose and NO3 to soils to 
release readily hydrolyzed amino acids as a source of N in 
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preference to the high energy requirement of assimilatory NO3 
reduction. 
Agricultural impact on water quality in the Midwest has 
demonstrated the need to study the natural environment for 
information on how we might better manage our agricultural 
lands to reduce environmental degradation. The prairie soil 
ecosystem is highly conservative of N and thus is an ideal 
model to study in paired comparison with cultivated soils. 
Our findings suggest that cultivated soils contain lower 
concentrations of soluble sugars and amino-N than prairie 
soils, that these soil constituents may play a role in the 
internal N cycle of both prairie and cultivated soils, and 
that these may be useful indices of the status of the internal 
N cycle of various agroecosystems. There is currently much 
interest in soil quality as related to the soil productivity 
and minimal nutrient loss to the environment. The information 
put forth in this dissertation demonstrates that soluble 
sugars and soluble amino-N may be key components of an index 
of soil quality. The information put forth in this 
dissertation may be applied in the comparison of the effect of 
conventional and alternative agroecosystems on soil quality 
and the ability of the soil to recycle N. 
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APPENDIX A 
MAP AND LOCATION OF RESEARCH SITES IN STORY COUNTY, IOWA 
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» \ Prairie Rail Trail 
*** *** 
* Doolittle Prairie 
* Coopers Marsh 
* Kettleson Marsh 
AMES 
STORY COUNTY. IOWA 
* Marker Prairie 
* Heart of Iowa Trail 
Figure 1. Map of research sites in Story County, Iowa. 
Individual sites are denoted by an asterisk (*). 
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COORDINATES FOR INDIVIDUAL RESEARCH SITES 
Harps 1, Story County, T84N R23W SEl/4 Sec 31, northeast 
fringe of marsh east of wooded area. Landowner of opposing 
cropland: Story County. 
Harps 2, Story County, T84N R22W SEl/4 Sec 21, west 
central fringe of marsh. Landowner of opposing land; Robert 
Cooper. 
Webster, Story County, T82N R23W NEl/4 Sec 23, along 
southern fence row separating prairie from cropland. 
Landowner of opposing land: Paul Harker. 
Kossuth, Story County, T85N R24W NEl/4 Sec 25. North 
edge of prairie about 50 m from west edge. Landowner of 
opposing land: Mike Hermeson. 
Canisteo 1, Story County, T85N R22W NWl/4 Sec 20, 300 m 
from east edge of sec 20 (1st park bound sign). Landowner of 
opposing land: Von Allen Twedt. Note; soil map unit improperly 
identified as a Webster clay loam. 
Clarion l. Story County, T85N R22W NWl/4 Sec 20, 350 -
450 m east of road and across from windbreak. Landowner of 
opposing land; Von Allen Twedt. 
Nicollet 1, Story County, T85N R22W NWl/4 Sec 20, 450 -
550 m east of road and across from driveway. Landowner of 
opposing land: Von Allen Twedt. 
Canisteo 2, Story County, T85N R22W NWl/4 Sec 24, 240 m 
east of road, eastern red cedar in center. Landowner of 
opposing land; Talmer Tjemeland. 
Clarion 2, Story County, T85N R22W NWl/4 Sec 24, 500 m to 
600 m east of road next to fat fence post. Landowner of 
opposing land; Talmer Tjemeland. 
Nicollet 2, Story County, T85N R22W NWl/4 Sec 24, 600 m 
to 800 m east of road opposite of the no passing zone sign. 
Landowner of opposing land; Talmer Tjemeland. 
Clarion 3, Story County, T82N R24W NWl/4 Sec 28, 200 -
3 00 m east of road start at tree next to fence. Landowner of 
opposing land; James Faust (not in Story County). 
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APPENDIX B 
EFFECT OF FREEZE-THAW EVENTS ON MINERALIZATION, NITRIFICATION, 
RELEASE OF SOLUBLE NINHYDRIN-REACTIVE N, AND RELEASE OF 
SOLUBLE ANTHRONE-REACTIVE C 
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Table 1. Release of NH4 and NO3 (Mg~ ) from crop (C) and 
prairie (P) soils at 0 and 10 days following 
incubation of soils at -20°C. 
Land Day 0 Day 10 
Soil Use NH4 N03 NH4 NO3 
1^ C 1 . 1  0 . 4  0 . 3  4 . 5  
2  c  — 0 . 2  - 0 . 1  0 . 2  1 . 0  
3  c  0 . 1  1 . 1  0 . 1  1 . 8  
4  p  0 . 9  - 1 . 2  0 . 2  6 . 5  
5  c  0 . 4  - 0 . 7  0 . 3  0 . 5  
6  p  1 . 2  0 . 3  0 . 2  3 . 7  
7  c  0 . 1  0 . 3  0 . 2  1 . 9  
8  p  1 . 3  0 . 6  0 . 2  6 . 0  
9  c  - 0 . 3  - 0 . 7  0 . 1  0 . 4  
1 0  p  1 . 3  0 . 1  0 . 2  4 . 7  
1 1  c  0 . 0  0 . 5  0 . 1  1 . 0  
1 2  p  2 . 4  — 0 . 2  0 . 1  6 . 8  
1 3  c  0 . 3  - 0 . 5  0 . 2  3 . 3  
1 4  p  1 . 6  —2 . 0  0 . 2  6 . 8  
1 5  c  0 . 3  - 0 . 2  0 . 1  1 . 6  
1 6  p  2 . 0  0 . 1  0 . 3  6 . 5  
1 7  c  0 , 2  - 0 . 4  0 . 2  0 . 4  
1 8  p  0 . 8  - 1 . 4  0 . 1  4 . 0  
LSD ( 0 . 0 5 )  1 . 6  1 . 2  0 . 3  1 . 5  
a) For soil description see Table 1 in Chapter 3. 
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Table 2. Release of water soluble Anthrone-reactive carbon 
and ninhydrin-reactive N from crop (C) and prairie 
(P) soils following a freeze-thaw treatment and 
subsequent incubation at 25°C for 0, 3 or 10 days. 
Anthrone C Release Ninhydrin N Release 
(txq C g~^ Soil) (Mg N g" Soil) 
Soil 0 Days 3 Days 0 Days 10 Days 
Harps (C)B 1.13b 0.87 1.13 0.01 
Webster (C) 1.40 -0.07 0.36 0.02 
Webster (P) 14.50 0.91 1.41 -0.14 
Canisteo (C) 1.27 0.86 0.47 0.04 
Canisteo (P) 18.80 1.90 1.85 -0.34 
a) C = Cultivated, P = Prairie 
b) Carbohydrate and ninhydrin reactive N release = (value 
in frozen soil - value in non-frozen control). 
176 
APPENDIX C 
ETHANOL-STABILIZED CHLOROFORM AS A FUMIGANT FOR 
ESTIMATING MICROBIAL BIOMASS BY REACTION WITH NINHYDRIN 
(PAPER 7) 
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Use of ethanol-stabilized chloroform (CHCI3) in the 
ninhydrin-reactive N (NR-N) assay of CHCI3 fumigated soil 
extracts yields the same results as ethanol-free CHCI3. 
Fumigation-extraction estimates of soil microbial biomass have 
proved a convenient, rapid and repeatable assay (Vance et al., 
1987; Jordan and Beare, 1991). In this procedure, soils are 
fumigated with ethanol-free CHCI3 for 24 h and extracted with 
0.5 M K2SO4 (or 2 M KCl) and the extracts from this and a non-
fumigated control soil are assayed for C or N. This method 
estimates microbial biomass under the premise that the CHCI3 
destroys soil microbial membranes and results in autolysis. 
The release of C or N is measured as an increase over the 
control and corrected to reflect microbial mass in soil. 
Such methods are based on the original fumigation-
incubation assay introduced by Jenkinson and Powelson (1976). 
In this method, CHCl3-labile C is measured as CO2 respired 
over a 10-day period following fumigation. Both this and the 
fumigation-extraction procedure call for the use of ethanol-
free CHCI3 to avoid leaving ethanol residues in soil following 
evacuation of the CHCI3 from the fumigated soil. Ethanol-free 
CHCI3 is required in the fumigation-incubation procedure 
because ethanol residues serve as a C source during the 10-day 
incubation period after fumigation (Jenkinson and Powelson, 
1976). Ethanol residues in soil in the fumigation-extraction 
procedure would introduce additional aqueous extractable C, 
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which would result in overestimation of biomass C during the 
assay for total C in the soil extracts after fumigation (Vance 
et al., 1987). 
To correct for this, Jenkinson and Powelson (1976) 
outlined a procedure for removing ethanol from CHCI3. Though 
this method is effective, it is time consuming and potentially 
dangerous to the individual handling the CHCI3. 
Amato and Ladd (1988) introduced a fumigation-extraction 
assay for both biomass C and N whereby the extracts were 
analyzed for NR-N after a 24 h fumigation with ethanol-free 
CHCI3. This procedure has been improved with some 
modifications by Joergensen and Brookes (1990) and its 
efficacy supported by Carter (1991). 
Ethanol residues should not interfere with the NR-N 
fumigation-extraction procedure because there is no incubation 
step and the ninhydrin reagent strictly reacts with 
polyamides, amino acids, amino sugars, and ammonium rather 
than C. The purpose of the research reported here was to 
determine whether ethanol-stabilized CHCI3 could be used in 
place of ethanol-free CHCI3 in the NR-N fumigation-extraction 
procedure. 
The 14 soils (Table 1) used in this experiment were 
collected from the surface 30 cm of cultivated, prairie or 
forested sites in central Iowa and stored field moist until 
time of use. Before use or storage of soils at 5°C, visible 
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plant detritus was removed and the soils were mixed 
thoroughly. 
Microbial biomass C was estimated by using a modified 
fumigation-extraction method described by Joergensen and 
Brookes (1990). Two vacuum desiccators, lined with paper 
towels wetted with 100 ml of distilled H2O, were placed next 
to one another. A beaker containing several boiling chips and 
25 ml of either reagent grade ethanol-stabilized CHCI3 
(Fischer Scientific, Fair Lawn, NJ, U.S.A) or analytic grade 
ethanol-free CHCI3 (Burdick and Jackson Inc., Muskegon, MI, 
U.S.A.) was placed on the platform in one of the two 
desiccators. 
Field-moist soil equivalent of 25 g oven-dried soil was 
placed in 250 ml French square bottles. Three bottles of each 
soil were immediately extracted by shaking with 50 ml of 2 M 
KCl for 30 min and then by filtering the extracts through 
Whatman #5 filters. Three bottles of each soil were then 
placed in each of the two vacuum desiccators. The desiccators 
were evacuated to -80 kPa, which allowed the CHCI3 to boil 
vigorously. After 2 min, the desiccators were sealed. After 
24 h, the soil samples were removed from the desiccators, 
residual CHCI3 was removed by vacuum, and the soils were 
extracted with 50 ml of 2 M KCl. The soils were shaken and 
filtered as above and the extracts of both fumigated and non-
fumigated samples were analyzed colorimetrically for total NR-
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N against leucine standards by using the ninhydrin reagents 
described by Moore (1968). 
Ten of the soils were also analyzed for microbial biomass 
N by using a modified method of Shen et al., (1984). Soils 
were treated as above by using ethanol-free CHCI3. However, 
rather than extracting the fumigated samples, 1 g of fresh 
soil was added to each bottle. The bottles were then fitted 
with stoppers and the soils were incubated for 10 days at 
25°C. At the end of the incubation, soils were extracted as 
above with 2 M KCl, filtered, and analyzed for NO3 and NH4 by 
flow injection (Lachat Instruments Quickchem Method No. 12-
107-06-2-A and 12-107-0401B). Biomass N was estimated as [(N 
in fumigated incubated soil) - (N in unfumigated soil 
incubated for 10 days)]/0.68 (Shen et al., 1984). 
Total organic C was determined by using the Walkley-Black 
Method (Nelson and Sommers, 1982). Particle size analysis was 
performed by hydrometer (Gee and Bauder, 1986). Soil pH was 
determined in a 2:1 0.01 M CaCl2 to soil suspension. 
Data were analyzed with a t-test and linear regression 
using PC-SAS (SAS Institute, Gary, NC, U.S.A.). 
The results in Table 2 clearly demonstrate that there is 
no significant difference in the action of ethanol-free or 
ethanol-stabilized CHCI3 in liberating NR-N from the soils 
tested. Only one of the soils tested demonstrated a 
significant difference in NR-N released by the two CHCI3 
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sources. When the ethanol-stabilized CHCI3 data are regressed 
against ethanol-free CHCI3 data, a highly significant positive 
relationship is attained (r = 0.998, P < 0.001). 
Biomass values calculated by using the correction factor 
of 25(NR~N fumigated - NR-N non-fumigated), as suggested by 
Joergensen and Brookes (1990), ranged from less than 100 ixg 
biomass C g~^ soil in the low-carbon Storden soil to a maximum 
of more than 900 /xg biomass C g~^ soil in the Canisteo prairie 
soil. 
We compared the release of NR-N after fumigation of 10 
Iowa soils with biomass N values obtained for the same soils 
by using a fumigation-incubation method (Shen et al., 1984) to 
confirm whether the NR-N fumigation-extraction method was 
giving valid results. A significant positive correlation 
between the two methods (r = 0.850, P < 0.01) was obtained. 
This study demonstrates that ethanol-stabilized CHCI3 may 
be used as the fumigant in the NR-N fumigation-extraction 
procedure described by Joergensen and Brookes (1990) or Amato 
and Ladd (1988). Use of ethanol-stabilized CHCI3 eliminates 
the time-consuming and potentially dangerous process of 
treating stabilized CHCI3 to remove ethanol yet provides 
similar results. 
182 




use Clay Sand 
Organic 
C PH 
-g kg •1 
Canisteol Typic Halaquolls C 360 270 26.9 7.3 
Canisteo2 Typic Halaquolls P 400 250 40.5 7.3 
Clarion 1 Typic Hapludolls C 180 510 21.9 6.3 
Clarion 2 Typic Hapludolls P 170 370 38.8 5.7 
Floyd Aquic Hapludolls C 140 420 30.2 6.3 
Harps Typic Calciaquolls C 400 110 37.9 7.6 
Hayden Typic Hapludalfs F 160 530 17.5 6.1 
Kossuth 1 Typic Haplaquolls C 520 180 33.4 6.1 
Kossuth 2 Typic Haplaquolls P 420 250 40.8 6.0 
Lester Mollic Hapludalfs F 180 380 33.5 6.3 
Nicolett Aquic Hapludolls C 350 410 24.4 5.7 
Storden Typic Udorthents C 200 230 9.2 7.7 
Okoboj i Cumulic Hapludolls c  470 70 51.2 6.4 
Webster Typic Haplaquolls c  340 370 19.5 6.0 
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Table 2. Comparison of ninhydrin-reactive N in 2 M KCl 
extracts of soils after 24 hr fumigation with 







(Mg g"^) (Mg g"^) t-test 
Canisteo 1 8.0 8.1 NS^ 
Canisteo 2 36.8 40.2 NS 
Clarion 1 8.9 8.8 NS 
Clarion 2 37.2 37.1 NS. 
Floyd 6.1 5.9 NS^ 
Harps 8.4 8.4 NS 
Hayden 19.5 19.5 NS 
Kossuth 1 6.5 6.7 NS 
Kossuth 2 24.6 24.1 NS 
Lester 31.5 33.6 * 
Nicolett 4.9 4.8 NS 
Okoboj i 8.2 8.4 NS 
Stordon 3.1 3.0 NS 
Webster 6.2 6.2 NS 
Mean 15.0 15.3 NS° 
a) NR-N = ninhydrin-reactive nitrogen 
b) NS = not significantly different, * = significantly 
different (P < 0.05) as determined by a paired t-test of the 
mean of three replications. 
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